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Environmental Impact of New Chemical Agents for Fire Suppression 

Robert E. Huie 
Physical & Chemical Properties Division 

National Institute of Standards & Technology 
Gaithersburg, MD 20899-8381 

Abstract 

The environmental impact of chemical agents is intimately ties to the environmental 
transformations these chemicals undergo, hi this project, the most important 
transformations for various classes of proposed fire suppression agents were investigated 
and, for the important case of hydrogen abstraction by hydroxyl radicals, a computational 
screening tool was developed. Rate constants for hydroxyl radical reactions with 
hydrofluoroethers, perfluoronated alkenes, bromine-containing fluoroalkenes and 
fluoroalkanes, were determined. By using the computational tool developed in the 
project, rate constants and atmospheric lifetimes for several bromine-containing 
halomethanes were calculated. In addition, the reactivity of several alkyl phosphates with 
free radicals in water were measured and the solubility of a series of fluoroalkylamines 
were calculated. 

Introduction 

Although the bromofluorocarbon compounds known as halons are excellent fire 
suppressants, their production is being phased out due to the considerable danger they 
pose to the Earth's ozone layer. To replace these compounds, both bromine-containing 
and non-bromine-containing substitutes have been proposed. Central to the acceptance of 
any alternative compound is the environmental consequences associated with its 
introduction. If the replacement contains an element known to be active towards ozone 
depletion - chlorine, bromine, or iodine - then the possible transport of these elements to 
the stratosphere must be considered. For other substances, the environmental fate is 
important in order to ascertain if there might be unintended consequences of its use. In 
this project, we have carried out kinetic and photochemical studies related to these 
questions, with a particular emphasis on developing screening tools that can be applied to 
estimate environmental lifetimes and fates. 

Since most of the proposed replacement compounds are volatile, the major concern in 
these studies has been with atmospheric lifetimes. Generally, the atmospheric lifetime is 
controlled by reaction with hydroxyl radicals, which are generated at a low level in the 



atmosphere. Thus, the rate constants for the reactions of these compounds with OH are 
of paramount importance, hi this project, we have measured rate constants for the 
reactions of the OH radical for a number of compounds, including a bromine-containing 
fluoroether, bromine-containing fluoroalkenes, 1- and 2-bromopropane, and a series of 
perfluoroalkenes. From these measurements, we calculated atmospheric lifetimes and 
estimated, where appropriate, ozone depletion potentials. 

The direct measurement of OH rate constants is quite labor intensive. Therefore, we 
initiated a project to develop a computational method to calculate these rate constants for 
those compounds for which hydrogen abstraction would be expected to be the dominant 
reaction mechanism. This method was developed utilizing a set of compounds for which 
reliable experimental data were available, which allowed us to establish its reliability. It 
was then applied to a set of bromine-containing halomethanes for which no data had been 
reported, leading to estimated lifetimes and ozone depletion potentials. 

The photolysis of the compounds in the ultraviolet region of the solar spectrum also can 
be of importance, particularly when the ozone depletion potential of the compound is 
required. Thus, for all the compounds for which we have carried out kinetic 
measurements we have also measured uv absorption spectra down to 160 nm. These 
data, in addition to being reported in standard publications, have also been gathered 
together with other far-UV and infrared spectra taken by this Group, and made available 
on the internet at: http://nist.gov/kinetics/spectra/spectraindex.htm. The infrared spectra 
are required to calculate global warming potentials for various compounds. 

Finally, some suggested fire suppressants are not volatile but their environmental fate is 
still of concern. This was particularly true of the phosphate esters. For these compounds, 
we have measured rate constants in water for their reactions with the hydroxyl radical, 
the sulfate radical, and the carbonate radical. 

Results and Discussion 

A Screening Tool for the Environmental Impact of New Fluids 

The objective of this activity was to develop a screening tool, based on quantum 
mechanics, for the prediction of the environmental impact of new classes of halogenated 
compounds. Experimental studies had demonstrated that the reactivity of the hydroxyl 
radical toward halogenated organic compounds is not adequately correlated by simple 
structure-activity relationships. This was particularly evident when an ether linkage was 
introduced, where even the relative order of reactivity among the various ethers could not 
be predicted correctly. This implied that it would be necessary to measure rate constants 
for a large number of members of any new class of reactants in order to predict the 
environmental impact of these possible new solvents, refrigerants, or fire suppressants. A 
better method of screening candidate molecules was clearly needed. 

The basic idea underlying this activity was to establish a level of theory that would 
predict the reactivity of the hydroxyl radical with a series of simple molecules, seeking 
the lowest possible degree of computational difficulty. This level of theory would then 



be applied to more complex molecules and, ultimately, applied to the new class of 
interest. The results may then be validated by a hmited number of experimental 
determinations, but extensive experimentation and synthesis could be avoided. In the 
initial study, several levels of theory were explored for the reaction of OH with CH2Br2. 
This study included the treatment of tunneling, making use of three different methods of 
approximating this correction. The molecule CHaBra was chosen both because of the 
importance of bromine as a fire suppressant and because the relatively large electron 
system of the molecule makes this reaction a serious test of the various levels of theory. 
Building on the results of this study, the reactions of OH with the other halogen- 
substituted methanes, up to bromine, were investigated. From these studies, we chose a 
level of theory and applied it bromine-containing for which there had been no 
experimental determinations. Subsequently, we have been investigating computationally 
the reactions of OH with several fluoroethanes and the ethers derived from them. These 
pairs were chosen to represent the extremes of behavior observed experimentally: an 
increase in reactivity upon addition of the ether linkage; a reduction in reactivity; and a 
small change in reactivity upon addition of the ether linkage. Theory has been able to 
reproduce the observed trends, with predictions in absolute reactivity within a factor of 
three. For bis-(difluoromethyl) ether, we have carried out a more exhaustive theoretical 
analysis of the reaction surface in order to better understand these reactions in general. At 
the present, we are further refining this approach, with a particular emphasis on better 
tunneling corrections and the use of pseudo-potentials. Calculations are being extended 
up to ethers with several carbons and containing fluorine and one or more bromine atoms. 
In order to verify these calculations, a sample of l-bromo-2,2-difluoroethyl methyl ether 
was synthesized for us and used in an experimental determination of the rate constant. 

This activity has resulted in three peer-reviewed publications in the Journal of Physical 
Chemistry A and a report in Halon Options Technical Working Conference: Proceedings, 
which are attached and may be consulted for additional details. 

Experimental Determinations of OH Reactivity 

The reactivity of the OH radical towards organic compounds proposed as possible fire 
suppressants was determined by the use of the flash photolysis-resonance fluorescence 
technique. This method, originally developed at NIST in the 1960s, has been 
incrementally improved to the point that it is routinely capable of obtaining a 
measurement imprecision of better than 3%. This capability allows sensitive tests to be 
performed to ascertain the accuracy of the measurements and allows considerable 
confidence in the results and the derived atmospheric lifetimes. Our initial work involved 
the measurement of the reactivity of some hydrofluoroethers in order to develop some 
predictive capability for use in evaluating the reactivity of proposed bromine-containing 
hydrofluroethers. The reactivity patterns for these ethers did not show clear trends, 
leading to our computational studies discussed elsewhere in this report. An important 
part of this effort was to have a hydro fluorobromoether synthesized in order to measure 
its reactivity and UV spectrum. After several tries, this was accomplished for 
CHsOCFaCHaBr. To fiirther refine our understanding of the role of bromine in 
hydrogen-abstraction reactions, rate constants were also measured for the reactions of OH 



with propane and both bromopropanes. These studies were carried our over the 
temperature range 210 to 480 K. 

Rate constants for the reactions of OH with unsaturated alkenes are not presently 
amenable to reliable theoretical estimation. Since these compounds are under active 
consideration as fire suppressants, particularly those containing Br in addition to F, we 
have carried out a number of studies of these reactions as part of this project. The role of 
halogenation on reactivity is quite compHcated. Generally, this role can be summarized 
by saying that at room temperature, asymmetric fluorination lessens reactivity whereas 
further fluorination, leading to more symmetric substitution, tends to restore the 
reactivity. Bromination of an olefinic carbon located between the double bond and a 
fluorinated group increases the reactivity, whereas bromine on a remote location has little 
effect. Recent work we carried out after the completion of this project suggests that the 
substitution of bromine on a carbon opposite the double bond from a fluoroalkyl group 
substantially reduces the reactivity. 

The effect of temperature on the reactivity of perfluoroalkenes is quite complicated. For 
the simplest alkene, perfluorofluoroethene, there was simple negative temperature 
dependence. Upon substitution of a -CF3 (or C2F5) about the double bond, the rate 
constant was found to increase with temperature at the higher temperatures. In all cases, 
the substitution led to a significant decrease in the rate constant at room temperature. 

This activity has resulted in three peer-reviewed publications in the Journal of Physical 
Chemistry A, two manuscripts in preparation, and a report in Halon Options Technical 
Working Conference: Proceedings (Compact Disk), which are attached and may be 
consulted for additional details. 

Reactivity ofAlkyl Phosphates towards Radicals in Water 

Alkyl phosphates are a class of chemicals that have been extensively investigated as fire 
suppression agents. They have very low volatility and are unlikely to be degraded in the 
atmosphere. They are, however, soluble in water and their environmental fate is likely to 
involve reactions in this medium. As part of this project, we have measured the rate 
constants for their reactions with to radicals important in aqueous phase degradation 
processes: the carbonate radical, COa", and the dichloride radical, CI2". The reactivity 
towards the sulfate radical, SO4", was also measured for comparison. The procedure used 
was pulse radiolysis, in which a high-energy electron pulse is utilized to generate the 
radicals, whose temporal history is monitored by the use of optical absorption. 

Although the sulfate radical reacted at a measurable rate with all the compounds, only 
upper limits could be obtained for the reactions of the two other radicals. The results 
seemed to indicate that both hydrogen abstraction and electron transfer reactions took 
place for the very strong oxidant S04~, but that the reduction potentials of CO3" and C^" 
are not high enough to react with these phosphates and neither of these radicals has a 
strong propensity for hydrogen abstraction. The reactions of the two radicals, COa" and 



Cl2 , are too slow for this degradation mechanism to be of importance in the environment. 
1 -i> The results of this study are presented in the table below (in units of L mol   s ) 

SO4 Ch" CO3 

Triethyl Phosphate 1.6 X 10*^ <7x 10^ <1 X 10^ 

Diethyl Phosphate 8.7 X 10'' <1 X lO'* 

Trimethyl 1.3 X 10-"^ <4 X 10^ <3 X 10-' 
Phosphate 

Dimethyl Phosphate 7x 10^ 

Henry's Law Constants for Fluoroalkylamines 

Fluorinated alkyl amines have been proposed as possible fire suppressants. In this case, a 
possible atmospheric loss mechanism was considered dissolution into atmospheric 
droplets and subsequent rainout. To investigate the likelihood of this process, we have 
calculated Henry's Law constants for a series of fluoroalkylamines, using the SMS.42 
solvation model at the PM3 level of theory. Based on comparisons of the results of 
calculations for similar alkylamines with experiment, we estimate that these results are 
valid to within a factor of three. Based on these results, rainout is likely not to be a very 
effective removal mechanism for the more highly fluorinated species. 



Amine deIG Kh exp Kh 
kJ/mol M/Atm 

NH3 -10.24 62.29 61 
NH2CH3 -9.82 52.52 89 
NH(CH3)2 -8.47 30.45 56 
N(CH3)3 -4.99 7.49 9.5 
NH2CF3 -14.08 292.79 
NH(CF3)2 -5.46 9.06 
N{CF3)3 13.01 5.3E-03 
N(CH3)2(CH2CF3) -5.87 10.69 
NCH3(CF3)2 0.79 0.73 
N(CF3)2(CH2CHF2) 2.35 0.39 
N(CF3)2(CH2CF3) 3.80 0.22 
N{CF3)2(CH2CH3) 4.39 0.17 
N(CF3)2(CF2CF3) 20.69 2.4E-04 
N(CF3)(CF2CF3)2 30.07 5.4E-06 
N(CF2CF2)3 35.11 7.1E-07 

experimental from Christie & Crisp, 1967 



Important findings and conclusions 

An early finding in this program was the discovery that simple estimation tools were not 
adequate to predict the rate constants for hydrogen abstractions reactions by hydroxyl 
radicals for such classes as halogenated ethers. Because of this, we explored the 
possibility that the application of more advanced computational tools might prove 
fruitful. Indeed, we did find this to be the case and have demonstrated the utility of such a 
tool. Of particular interest is the observation that a simple bond-strength correlation, 
based on simpler theoretical calculations, might prove adequate. It seems apparent that 
this should be explored further. Experimental studies of addition reactions of the 
hydroxyl radical also have shown simple concepts are not necessarily adequate. For 
some of these reactions, the rate constant may both decrease and increase with 
temperature, depending on the temperature region. Recent observations on the effect of 
bromine substitution were surprising. It would probably be usefiil to carry out some 
computational studies on these reactions. Since the theory for addition reactions is not as 
well advanced as for abstraction reactions, simple correlations based on such parameters 
as electron density should probably be explored first. 



Publication List 

1. Orkin, V. L., Villenave, E., Huie, R. E., and Kurylo, M. J., "Atmospheric Lifetimes and 
Global Warming Potentials of Hydrofluoroethers: Reactivity Toward OH, UV Spectra, and IR 
Absorption Cross Sections", J. Phys. Chem. A, 103, 9770-9779 (1999). 

2. Louis, F., Gonzalez, C, Huie, R. E., and Kurylo, M. J., "An ab Initio Study of the Reaction of 
Halomethanes with the Hydroxyl Radical. Part 1: CH2Br2",y. Phys Chem. A, 104, 2931-2938 

(2000). 

3. Louis, F., Gonzalez, C, Huie, R. E., and Kurylo, M. J., "An Ab Initio Study of the Kinetics of 
the Reactions of Halomethanes with the Hydroxyl Radical. Part 2: A Comparison between 
Theoretical and Experimental Values of the Kinetic Parameters for 12 Partially Halogenated 
Substituted Methanes.", 7. Phys Chem. A, 104, 8773-8778 (2000). 

4. Huie, R. E., Louis, F., Gonzalez, C. A., and Kurylo, M. J., "An Ab i«zrio-Based Screening 
Tool for the Atmospheric Lifetimes of Halon Replacements", Halon Options Technical 
Working Conference: Proceedings, pp. 87-92, Albuquerque, (2000). 

5. Louis, F., Gonzalez, C, Huie, R. E., and Kurylo, M. J., "An Ab Initio Study of the Kinetics of 
the Reactions of Halomethanes with the Hydroxyl Radical. Part 3. Reactivity Trends and 
Kinetics Parameter Predictions for the Potential Halon Replacements CH2FBr, CHFBra, 
CHFClBr, CHClzBr, and CHClBrz",^. Phys. Chem. A, 105, 1599-1604 (2001). 

6. Huie, R. E., Orkin, V. L., Louis, F., Kozlov, S. N., and Kurylo, M. J. "Effect of Bromine 
Substitution on the Lifetimes and Ozone Depletion Potentials of Organic Compounds", 
Proceedings ofHOTWC-2002. 72"' Halon Options Technical Working Conference, NIST 
Special Publication 984, R. G. Gann and P. A. Reneke, Eds. (Compact Disk) (2002). 

7. Orkin, V. L., Louis, F., Huie, R. E., and Kurylo, M. J., "Photochemistry of Bromine- 
Containing Fluorinated Alkenes: Reactivity toward OH and UV Spectra", J. Phys. Chem. A, 
106, 10195-10199 (2002). 

8. Kozlov, S. N., Orkin, V. L., Huie, R. E., and Kurylo, M. J., "OH Reactivity and UV Spectra 
of Propane, n-Propyl Bromide, and Isopropyl Bromide", J. Phys. Chem. A. 107, 1333-1338 
(2003). 

9. Orkin, V. L., Huie, R. E., and Kurylo, M. J., "OH Reactivity and UV Spectra of 
Perfluoronated Alkenes", in preparation. 

10. Orkin, V. L., Huie, R. E., and Kurylo, M. J., "OH Reactivity and UV Spectra of 
CHjOCFaCHaBr", in preparation. 



Technical Publications 

10 



9770 J. Phys. Chem. A  1999, 103. 9770-9779 

Atmospheric Lifetimes and Global Warming Potentials of Hydrofluoroethers: Reactivity 
toward OH, UV Spectra, and IR Absorption Cross Sections 

Vladimir L. Orkin,*'+ Eric Villenave,* Robert E. Huie, and Michael J. Kurylo 

Physical and Chemical Properties Division, National Institute of Standards and Technology, 
Gaithersbiirg, Mariiand 20899 

Received: May 26, 1999: In Final Form: September 28. 1999 

The rate constants for the reactions of OH radicals with the fluorinated ethers, CHF2-O-CHF2 (HFOC-134) 
and CF3CH2-0-CIrl2CF3 (HFOC-356mff), were measured using the flash photolysis resonance fluorescence 
technique over the temperature range 277-370 K to give the following Arrhenius expressions: kmoc-ni{T) 

- (0.63.:;°:^°) X 10 n 10.46N exp{-(1646 ± 16)11} cm^ molecule"' s"', A:„Foc-356mff(7) = (2.321;;:^°) x 10 
exp{-(790 ± 47)/r} cm' molecule"' s"'. On the basis of the analysis of the available experimental results, 
the following Arrhenius expression can be recommended for the rate constant of the reaction between OH 
and HFOC-134: knmc-m(T) = (0.82!^;^^) x 10"'- exp{-(1730 ± 110)/r} cm-^ molecule""' s "'. Atmospheric 
lifetimes were estimated to be 24.8 years for HFOC-134 (23.8 years based on the results of this study alone) 
and 0.3 years for HFOC-356mff. Infrared absorption cross sections of HFOC-134, HFOC-356mff, and HFOC- 
125 (CHF2-O-CF3) were measured at T= 295 K from 500 to 1600 cm""' and the global warming potentials 
of the three compounds were estimated. Ultraviolet absorption spectra of the ethers were measured between 
160 and 220 nm. The general pattern of reactivity of hydrofluoroethers toward OH is discussed. 

Introduction 

Because of the role of chlorofluorocarbons (CFCs) in 
stratospheric ozone depletion, a large number of replacement 
compounds, such as hydrochlorofluorocarbons (HCFCs) and 
hydrofiuorocarbons (MFCs), have been, selected for industrial 
applications. The search for CFG alternatives has also focused 
on oxygen-containing compounds such as partially fluorinated 
ethers (HFOCs) which, by virtue of not containing any chlorine 
or bromine, do not contribute to ozone depletion. Nevertheless, 
the infrared absorbing properties of such fluorinated compounds 
raise concerns about their role as potential greenhouse gases. 
The assessment of the global warming potential (GWP) of a 
compound requires the knowledge of both its atmospheric 
lifetime and infi-ared absorption cross sections in the "ahno- 
spheric transparency window" between ca. 8 and \2 jxm. The 
atiriospheric lifetime of a hydrogen-containing compound is 
mainly dictated by its reaction with OH radicals in the 
troposphere. Ultraviolet photolysis can also be important in the 
case of compounds with low reactivity toward OH however. 

In contrast to HCFCs and HFCs, there is very little infonna- 
tion on reactivity of partially fluorinated ethers toward hydroxyl 
radicals.'"' Only a few measurements have been reported on 
the temperature dependence of such rate constants'"^ to derive 
Arrhenius parameters as well as rate constants at the temper- 
atures important for atmospheric calculations. We report here 
the experimental determinations of the rate constants for the 
reactions of OH with two symmetrical hydrofluoroethers, 
CHF2-O-CHF2 (HFOC-134) and CF3CH2-O-CH2CF3 
(HFOC-356mff), over the temperature range 277-370 K. 

■• Also associated with the Institute of Energ\' Problems of Chemical 
Physics, Russian Academy of Science.s, Moscow, 117829, Russia. 

t Present address: Laboratoire de Physico-Chimie Moleculaire CNRS 
UMR 5803, Universite Bordeaux I, 351, Cours de la Liberation, 33405 
Talencc Cedex, France. 

Ultraviolet absorption cross sections of HFOC-134, HFOC- 
356mff, and HFOC-125 (CHF2-O-CF3) were measured over 
the wavelength range 160—220 nm to ascertain the effect of 
fluorination on the UV spectra of ethers and to estimate the 
possible role of UV solar absorption on their atmospheric 
lifetimes. Infrared spectra between 500 and 1600 cm"' were 
measured for HFOC-134, HFOC-356iTiff, and HFOC-125 
(CHF2—O—CF3), and integrated band intensities are reported 
here as well as the estimated global wanning potentials (GWPs) 
of the three compounds. 

Experimental Section 

Detailed descriptions of the apparatus and the experimental 
methods employed in the present work are given elsewhere.*"'" 
Thus, only brief overview is given here. Certain coiumercial 
equipment, instruments, or materials are identified in this article 
in order to adequately speciiy the experimental procedure. Such 
identification does not imply recognition or endorsement by the 
National Institute of Standards and Technology, nor does it 
imply that the material or equipment identified are necessarily 
the best available for the purpose. 

OH Reaction Rate Constant Measurements. The principal 
component of the flash photolysis/resonance fluorescence (FP/ 
RF) apparatus is a Pyrcx reactor (of approximately 50 ciu' 
internal volume) thermostated via a fluid circulated through its 
outer jacket. The reaction was studied in argon carrier gas 
(99.9995% purity) at a total pressure of 13.33 kPa (100.0 TOIT). 

Dry argon, argon bubbled through water thenuostated at 276 
K, and HFOC-134 (or HFOC-356mff, 2.00% volume fraction 
in argon) were premixed and flowed through the reactor at a 
total flow rate of 0.3 cm' s"' to 1.4 cm' s"', STP. The 
concentrations of the gases in the reactor were detenuined by 
measuring the mass flow rates and the total pressure using a 
MKS Baratron manometer. Flow rates of both argon and the 
H20/Ar mixUire were measured using calibrated Tylan mass 

10.102I/jp991741t CCC: S18.00    © 1999 American Chemical Society 
Published on Web 11/11/1999 
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TABLE 1: Summary of the Results Obtained for the Reactions of OH with CHF2-O-CHF2 (HFOC-134) and 
CF3-CH2-O-CH2-CF, (HFOC-356mfO 

lempcraturc, 
K 

[CHF:0CHF2], 
10"' molecule/cm^ 

A-HF(X:-134 X 10'^' 
cm'molecule's" 

[CFiCHjOCH.CF,], 
lO'''molecule/cm' 

kwoc- ■X 10'- 

cm^ molecule"' s 

277 1.1--3.9 1.70 ±0.15 (2) 1.3-4.9 1.35 ±0.09 (4) 

298 0.57-2.6 2.47 ±0.12 (4) 0.50-3.5 1.63 ±0,03 (12) 

323 0.60-1.8 3.77 ±0.35(1) 1.0-3.2 1.93 ±0.17 (4) 

349 0.35-1.06 5.67 ±0.52(1) 0.75-2.7 2.38 ±0.19 (3) 

370 0.25-0.85 7.48 ± 0.45 (2) 0.65-2.3 2.77 ±0.12 (6) 

" Error bars are levels of confidence of 95% and do not include estimated systematic errors of 4% (see text). Numbers in parentheses indicate 
the number of experimental measurements. 

flow meters, whereas that of the HFOC-134 (or the HFOC- 
356rnff/Ar mixture) was determined by direct measurements 
of the rate of pressure change in a calibrated volume. The ranges 
of hydrofluoroethers concentrations are presented in Table 1. 
The partial pressure of H2O in tlte reactor was ca. 0.08 Torr 
(0.01 kPa) in the experiments presented in Table 1 and up to 
ca. 2 ToiT (0.27 kPa) in some test experiments. Hydroxy! 
radicals were produced by the pulsed photolysis (0.7-4,2 Hz 
repetition rate) of H2O (introduced via the 276 K HiO/Ar 
bubbler) using a xenon flash lamp focused into the reactor. The 
radicals were then monitored by their resonance fluorescence 
near 308 nm, excited by a microwave-discharge resonance lamp 
(280 Pa or 2.1 Torr of a ca. 2% volume fraction of H2O in 
ultrahigh purity helium) focused into the reactor center. The 
resonance fluorescence signal was recorded on a computer-based 
multichannel scanner (channel width 100 fis.) as a summation 
of 1000-22000 consecutive flashes. The radical decay signal 
at each reactant concentration ([HFOC-134] or [HFOC-356mff]) 
was analyzed as described by Orkin et at.' to obtain the first- 
order decay rate due to the reaction under study. 

UV Absorption Spectra Measurements. The absorption 
spectra of several ethers and fluoroethers were measured over 
the wavelength range of 160-220 nm using a single beam 
apparatus consisting of a 1 m vacuum monochromator equipped 
with a 600 lines/mm grating. The radiation source was a 
Hamamatsu L1385 deuterium lamp, and the detector was a 
Hamamatsu R166 photomultiplier. Spectra were recorded at 
increments of either 0.5 or 0,1 nm at spectral slit widths of 0.5 
and 0.1 nm. The pressure inside the 16.90 ± 0.05 cm absorption 
cell was measured using full scale 10 and 1000 Torr MKS 
Baratron manometers at f = 295 ± 1 K, Absorption spectra of 
the evacuated cell and of the cell filled with a gas sample were 
alternately recorded several times and the absorption cross 
sections were calculated from the differences. The complete 
spectra were constructed from data taken over several overlap- 
ping wavelength ranges. Data over each range were obtained 
at several pressures to verify adherence to the Beer—Lambert 
absorptioti law. The spectra were measured at the following 
compound pressures in the cell: HFOC-134, HFOC-125 (100- 
900 Torr/13.3-120 kPa); HFOC-356mff (0.5-120 Torr/67 Pa 
to 16 kPa); dimethyl ether (0,1-900 Torr/13 Pa to 120 kPa); 
diethyl ether (0,1-400 Torr/13 Pa to 53,3 kPa), The overall 
instramental error associated with uncertainties in the path 
length, pressure, temperature stability, and measured absorbance 
was estimated to be less than 2% over most of the wavelength 
range, increasing to approximately 5—10% at the long- 
wavelength ends of the spectra, 

IR Absorption Cross Section Measurements. The specna 
were obtained between 500 and 1600 cm"' using a Bruker IFS- 
66v Fourier transform spectrophotometer. The spectrophotom- 
eter, including die cell compartment, was evacuated to less than 
10 mPa using a turbomolecular pump in order to minimize errors 
due to water vapor absorption. All the data presented were 

measured with ca, 0,12 cm^' spectral resolution, A 20,15 d= 
0,05 cin glass absorption cell fitted with KBr windows was used 
to obtain absorption spectra at the temperature T= 295 ± 1 K, 
Between spectnim measurements, the cell was pumped out down 
to ca, 10 inPa using a turbomolecular pump and filled with the 
gas to be studied two to three times. Sample pressures were 
measured using full scale 10 and 1000 Torr MKS Baratron 
manometers. Data over each absorption band range were 
obtained at several pressures to verify adherence to the Beer— 
Lainbert absoiption law. The overall instrumental error associ- 
ated with uncertainties in the path length, pressure, temperature 
stability, and the measured absorbance was estimated to be less 
than 2% over the wavenumber range, increasing below 600 cm"' 
for weak bands because of residual water vapor absorption. 

Absorption spectra of the evacuated cell and the cell filled 
with the ether under study were recorded sequentially to 
calculate the absorption cross sections from their differences at 
different ether concentrations using the Beer—Lambert law, 

,c(^) = 
2.303 

[HFOC]L 
{'^HFOcCl') - Aa{v)} (1) 

where o{v) is the absorption cross section at wavenumber v, in 
units of cm^ molecule"'; ^HFOC(V) and AQ(V) are absorbancies 
(base 10) in the presence of ether and that of the evacuated cell 
at wavenumber v, as measured with the spectrophotometer; 
[HFOC] is the concentration of the ether under study, in units 
of molecule/cm^; and L is the optical path length in centimeters, 
A spectrum for each absorption band was recorded at a few 
different pressures suitable for that band; the maximum absor- 
bance did not exceed Aymxiv) = 0.7, The IR measurements 
were done at the following sample pressures in the cell: HFOC- 
134 (0,2-8 Torr/27 Pa to 1,1 kPa); HFOC-356mff (0,2-16 
Ton/27 Pa to 2.1 kPa); HFOC-125 (0,4-6 Torr/ 53 Pa to 0,8 
kPa). Linear least-squares fits were applied to all sample pressure 
measurements in order to obtain absorption cross sections as 
well as integrated band intensities. Any measured absorption 
band with an IBI greater than 0,2% of the highest IBI was 
attributed to the IR absorption spectra of the compound under 
study. 

All the MKS Baratron manometers used for the OH reaction 
rate constant measurements (measurements of the pressure in 
the cell and the ether flow rate), UV absorption measurements, 
and IR absorption measurements were calibrated and intercom- 
pared by measuring the same argon pressure to be identical 
within less than 0,5% over the whole pressure range. 

Sample Purity. The sample of CHF2-O-CHF2, HFOC-134, 
was obtained fi'om Hampshire Chemical Co, with a stated purity 
of 99,97%, Our GC and GC/MS analysis of this sample 
indicated ca, 99.8% purity with the main impurities, CF3FCI 
(ca, 17%), CH3OH (ca, 0,007%), and CHF2OCH2F (ca, 0,027%), 
with trace ainounts of CHF3 and water. Two samples of 
CF3CH2-O-CH2CF3,  HFOC-356mff, were  obtained from 
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Figure 1. Arrhenius plot showing the average values obtained for 
AHFOC-134 at each temperature. The error bars at each temperature 
represent the 95% confidence intervals and include the estimated 
systematic error. The solid line is a least-squares fit to the individual 
data points that make up these average values. The dotted lines bracket 
the 95% confidence intervals rigorously obtained from the statistical 
fit while the dashed lines are from eqs 2 and 2a in the text; both include 
our estimate of possible systematic errors. 

Aldrich Chemical Co., each with a stated puritj' of 99.5+% 
with CF3CH2OH as a main possible impurity. Our analysis of 
the first sample indicated in ca. 99.87% purity with ca. 0.035% 
of water, 0.017% of trifluoroethanoi, and 0.076% of noniden- 
tified fluorinated impurity, probably a fluoroether. The second 
sample was ca. 99.7% purity based on our analysis with ca. 
0.1% of water and ca. 0.2% of trifluoroethanoi as main 
impurities. 

A preparative scale gas chromatograph was used for purifica- 
tion of original samples from the detected impurities. The GC 
purification of the original sarnples resulted in no reliably 
detectable impurities in the purified samples of both HFOC- 
134 and HFOC-356mff, except residual water, which could also 
come from a detection system injector. This indicates that the 
concentrations of all detected impurities were decreased by a 
factor of at least 20-200. 

Results and Discussion 

Results of the OH reaction rate constant detemiinations 
averaged at each temperature are presented in Table 1 and 
Figures 1 and 2. Table 2 presents the Arrhenius parameters 
derived from the fitting to the individual rate constants obtained 
in our experiments at each temperature as well as the parameters 
obtained from the fitting of data from other laboratories. 

Experiments summarized in Table 1 were performed with 
GC purified samples of ethers at low flash energy. Test 
experiments were performed at T = 298 K to check possible 
complications due to any "secondary" chemistry or reactions 
with impurities. These complications and test experiments are 
carefully discussed in our previous paper.'" The initial concen- 
tration of OH radicals was changed by either variation of the 
photolysis flash energy (variation of an electrical energy from 
0.3 to 3.3 .1) or variation of H2O concentration in the reactor (a 
factor of 10). No statistically significant changes in the measured 
rate constants were obtained. In addition, no dependence of the 
rate constant on the flash repetition rate by a factor of 4 was 
discernible. This indicates that "secondary" reactions with 
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Figure 2. Arrhenius plot showing the average values obtained for 
feFoc-356mfr at cach temperature. The error bars at each temperature 
represent the 95% confidence intervals and include the estimated 
systematic error. The solid line is a least-squares fit to the individual 
data points that make up these average values. The dotted lines bracket 
the 95% confidence intervals rigorously obtained from the statistical 
fit while the dashed lines are from eqs 3 and 3a in the text; both include 
our estimate of possible systematic errors. 

radicals fornied either in the reactions under study or due to 
photolysis of reactants do not affect the results of our measure- 
ments. 

The possible reactions of OH with reactive impurities in the 
reagent samples can cause the fate constant overestimation 
especially for reagents having low reactivity toward OH. The 
en'or due to the presence of identified impurities can be 
estimated based on impurity levels and the rate constant of their 
reactions with OH. In the case of original HFOC-134 sample 
such estimation indicates that ca. (5—6)% overestimation of the 
room temperature rate constant would have occurred. The GC 
purification of the original sample resulted in no reliably 
detectable impurities in the purified sample of HFOC-134. Thus, 
the impurity levels in the GC purified sample are low enough 
to cause no problems in the rate constant measurements. In 
addition, 21 experiments were done with the original sample 
before purification which resulted in AHFOC-I34(298) = (2.74 ± 
0.08) X 10"'=^ cm^ molecule-' s""' vs ^HFOC-134(298) = (2.52 ± 
0.07) X 10"'-'' cm^ molecule"' s~' in the case of the purified 
sample. This difference, although only slightly exceeding the 
overall statistical confidence interval of the measurements, is 
reasonably consistent with the 5—6% overestimation mentioned 
above. Hence, the reduction of impurities by more than an order 
of magnitude should yield results for the purified sample of 
CHF2—O—CHF2 that are free from systematic errors due to 
impurities. 

Although we could not identify all detected impurities in the 
sample of HFOC-356mff, the higher reactivity of this ether 
makes impurity effects less important. For example, even the 
highest level (0.2%) of CF3CH2OH could result in ca. 0.2% 
rate constant overestimation based on its reaction rate constant" 
of 1 X 10"'-^ cm' molecule"' s^'. Similarly, the rate constant 
for the reaction of OH with diethyl ether,'^ 1.3 x 10'" cm-' 
molecule"' s'"', can be used to estimate a conservative upper 
limit for possible eiTors due to reaction with a fluoroether 
impurity. Such errors are not expected to exceed 6% for the 
original sample and become negligible in the case of GC purified 
one. Therefore, detected impurities could not be a source of 
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molecule (HFOC) 
temperature range, 

K 
A X 10'^ 

' molecule"' 
EiR ± is.EIR, 

K 
A-HFOc(298) X lO'" 
cm' molecule ' s reference 

CIIFJ-O-CHF2 
(HFOC-134) 

CFi-Cn.-O-CH: 
(MFOC-356mff) 

-CF, 

269- -312 

298- -368 
277- -370 

298 
277- -298 

0.54 ± 0.35" 

"•-'-' -0.37 

0.63 

2.32"^ 

O.fi 
+0.20 

1560 ±200" 
1583 ± 322* 
2007 ±162' 
1646 ±76 

790 ± 47 

0.29 ± 0.02° 
0.27 ± 0.02* 
0.23 ±0.013' 
0.252 ±0.017'' 

10.1 ± l.S" 
16.3 ±0.9'' 

Garland et al.' 
Garland et al.'''' 
Hsu & DeMore' 
this work 

O'Sullivan et al.' 
this work 

" All values with their la error bars are taken from the original paper, '' Results of our filling to the data set presented in the original paper. Error 
bars arc 95% confidence intervals from the statistical fitting and do not reflect any systematic error. '' Error bars were derived by fitting of the data 
set from the original paper and represent 95% confidence intervals. They include neither any possible systematic error nor any uncertainty associated 
with the rate constant of the reference reaction between Oil and Cff,-CCl,,. ''All error bars indicated include estimated systematic errors of 4%. 
To obtain the rate constant uncertainties at any temperature, eqs 2a or 3a, given in the text, can be used. ''The result of a relative rate constant 
measurement. The reference reaction is not reported. The rate constant and its uncertainty are as quoted by authors. 

the error in our experiments with HFOC-356mff. In support of 
this conclusion, we note that nine experiments using the original 
sample resulted  in A-|iFoc-3.'i6,nn(298)  = (1.68  ±  0.09)   x 
10- cm^   molecule"'   s"'   (seven   measurements) and 
A-nFoc-356mti<277) = (1.44 ± 0.20) X 10-'^ cm' molecule"' s 
(two tncasurei-ncnts), statistically the same as in the case of GC 
purified samples (see Table 1). 

The expressions for the rate constants and the uncertainty of 
tlic rate constants can be written in the manner chosen by the 
NASA Panel for Data Evaluation, as we have described 
previously.' The Arrhenius parameters were obtained from the 
linear fitting for log k vs \IT data sets (see eqs 2 and 3). 
Therefore, the uncertainties in thus-dctennincd rate constants 
should be presented as the uncertainty factors rather than the 
absolute errors at any temperature. The uncertainty factors can 
be approximated as given in eqs 2a and 3a; 

A-, tlt'OC-I34' (7) = 2.52 X 10 " exp] -1646^- - —)| ciTf^ 

molecule"'' s~' (2) 

1 + 0.04^ 1.068 exp 

} (2a) 

/(7)HFOc-i34=l-028exp{76 
1 

298 

76 
1 

298 

A-HFOc-i34(7) == 1-62 X 10"'^ exp{-793(|;- ^Ig)} cm 

molecule    s     (3) 

+ ./(7)„Foc-356mff =1-017 exp{47|- - — } 

0.04 s 1.057 exp|47 
1 

298 
) (3a) 

Here we have included an estimated systematic uncertainty of 
4% as well as the statistical uncertainty factors/(298)HFOC-I 34 
= 1.028 andy(298)HFOC-356mff = 1.017, respectively, at r= 298 
K obtained from the Arrhenius fitting to the entire data sets. 
All the uncertainties in both fr,(298) and E/R represent 95% 
confidence intervals associated with the statistical fitting 
procedure. The acceptability of the above presentation of the 
uncertainties (eqs 2a and 3a) is illustrated in Figures 1 and 2 in 
which we show both the rigorously computed 95% confidence 
intervals of the regression lines (dotted lines) as well as those 
approximated using eqs 2a and 3a (dashed lines). Both include 
the 4% estimated systematic en-or as a summand. One can see 
that the uncertainty factors well describe the confidence 
intei-vals, especially below room-temperature range, which is 
important for atmospheric modeling purposes. 

The rate constant for the reaction of OH with CHF2-O- 
CHF2 was measured previously using a flash photolysis/ 
resonance fluorescence technique by Zhang et al,,^'' a laser 
photolysis/laser fluorescence technique by Garland et a!.,' and 
a relative technique with OH + CH3-CCI3 as a reference 
reaction by Hsu and DeMore.^ Table 2 shows the 95% 
confidence intervals obtained from an Arrhenius fitting of the 
data presented in the original papers.'-^ We have not included 
the room-temperature data from ref 2b in the table since the 
rate constant obtained, A-(296) = 2.5 x 10 '* cm^ molecule ' 
s"', is an order of magnitude higher than those from other 
measurements and is most likely due to the presence of 
unresolved reactive impurities in the ether sample. (Our analysis 
of the data from ref 3 resulted in slightly different Arrhenius 
parameters and the rate constant at 298 K than those derived 
by Garland et al. (see Table 2)). Both the A factor and E/R 
derived by Hsu and DcMore' arc significantly higher than those 
derived by Garland et al.' The presence of reactive impurities 
in the sample used by Garland et al. has been suggested by 
Hsu and DeMore to be a reason for such a discrepancy. 

Similar differences exist between the Arrhenius parameters 
from the present study and tho.se of Hsu and DeMore, However, 
we paid particular attention to the sample purity. In fact, 
differences in Airhenius parameters derived from sets of rate 
constant data covering only naiTow temperature ranges can be 
misleading. A comparison of the actual rate constants over the 
common temperature range of sUidy is more appropriate. This 
is shown in Figure 1 where one can see that our data are in 
good agreement (better than 15%>) with those obtained in ref 5 
over entire common temperature range. In particular, our value 
at r = 298 K is not statistically different from that of ref 5, 
especially when the uncertainty associated with the reference 
rate constant used in the relative rate study is included. At the 
high temperature, however, the relative technique data begin 
to diverge from those of the present study (becoming about 13% 
higher at T = 370 K and leading to the calculation of larger 
values for both A and EIR than derived from the present results). 
This difference cannot be explained by the presence of reactive 
impurities in our study since impurity contamination would 
cause greater deviations at the lower temperatures. Thus, the 
differences in the derived An-henius parameters are probably 
due to data scattering (i.e., random eiTors) or to some systematic 
en'ors in one or both of the studies. 

The result presented by O'Sullivan et al* appears to be the 
only available measurement of the rate constant for the reaction 
between OH and CF3-CH2-O-CH2-CF3. Unfortunately, there 
is no detailed information on the measurements presented in 
ref 6 and the reason for the large discrepancy (a factor of 1.6) 
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wavelength, nm 

Figure 3. Ultraviolet absorption spectra of several ethers at 7" = 295 
K. (The absorption cross sections of CHF2-O-CF3 (HFOC-125) were 
found to be less than 10"^^ cm^ molecule"' over the entire spectral 
range.) 

is not clear. As discussed above, we are confident that our 
measurements are not complicated by either reaction with 
impurities in the sample or by secondary chemistry. 

UV Absorption Spectra. Measured UV absorption spectra 
of several ethers are presented in Figure 3. For comparison, we 
have measured the absorption spectra of nonfluorinated ana- 
logues as well. 

The measurements of the short-wavelength absorption spectra 
of both CHF2-O-CF3 and CHF2-O-CHF2 were affected by 
the residual water vapor absorption. We used low-temperature 
distillation with a cold trap temperature from —80 to —100 °C 
in order to remove the residual water from the samples. Thus, 
we can conclude that the absorption cross sections of CHF2— 
O—CF3 are below 10"^^ cm^ molecule"' over the entire range 
of measurements. On the basis of this result, as well as on an 
identical purification procedure, we are reasonably certain that 
the absorption spectrum obtained for CHFo-O—CHF2 is not 
affected by an impurity. The reproducibility of CF3—CH2—O— 
CH2—CF3 absorption measurements at wavelengths longer than 
ca. 190 nm was poor, possibly due to compound adsorption at 
the optical windows at near saturated vapor pressure. Therefore, 
we can give only the upper limit of 10"^' cm^ molecule"' for 
the absoiption cross sections over the stratospheric transparency 
window near 200 nm. 

In contrast to alkanes, ethers without fluorine substitution 
exhibit strong absorption at the wavelengths below 200 nm. This 
is drastically reduced by fluorination; even fluorination of the 
carbon atom in the P position with respect to the ether linkage 
results in a significant decrease of the ether absorptivity. The 
decrease is more pronounced when the adjacent carbon is 
fluorinated. 

Therefore, fluorinated ethers do not appreciably absorb 
ultraviolet radiation in the spectral range above 190 nm that 
can be important for atmospheric implications. The negligible 
absorbance of fluorinated ethers in the spectral range important 
for atinospheric implications was also indicated by Orkin et al.* 

IR Absorption Cross Sections. The high-resolution infrared 
spectra of fluorinated ethers obtained in this work did not exhibit 
any evidence of well-resolved fine rotational structure that could 
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(HFOC-134) at 7-= 295 K. 
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affect the accuracy of the absorption cross section or band 
intensity measurements. This is not an unexpected result for 
the compounds containing few heavy halogen atoms in the 
molecule as will be discussed in a subsequent publication." The 
integrated band intensities for such molecules can thus be 
measured without any special spectnim broadening procedure.'^ 

The IR specti-a measured for three fluorinated ethers arc 
shown in Figures 4—6. Table 3 lists the integrated band 
intensities of the main features of the measured IR absorption 
spectra. The integrated band intensities (IBI) were calculated 
as follows: 

IBI, [HFOC(I'I - i'2) = X?%Foc(i^) dv (4) 

The units of IBI are cm^ molecule'' cm '. The indicated band 
intervals were chosen simply to separate spectral features and 
compare the IBI with those available from the literature. The 
absorption cross sections as well as integrated band intensities 
for the spectral regions were determined from plots of the 
integrated areas versus hydrofluoroether concentrations. Figure 
7 shows examples of such dependencies for the most intense 
absorption bands. 
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TABLE 3:  Integrated Band Intensities of HFOC-134. HFOC-125, HrOC-356mff 

molecule 
(compound) 

integration limits, IBI, 10~"cm^ molecule ' cm" 

cm tliis work" refl5 ref 16 

CHF.-O-CHF2 
(HF6C-134) 

CF^-CHj-O-CH; 
(llFOC-356mfr) 

-CF, 

515-552 
600-710 
741-803 
965-1035 

1035-1253 
1322-1443 

500-600 
600-740 
780-900 
900-1070 

1070-1250 
1250-1350 
1350-1600 

0.193 ±0.006 
0.047 ±0.015 
0.531 ±0.008 
1.315 ±0.009 

21.728 ±0.030 
1.855 ±0,011 

0.307 ± 0.007 
0.798 ±0.019 
0.389 ±0.013 
2.328 ±0.017 

15.605 ±0.062 
7.130 ±0.035 
1.162 ±0.032 

{24.90 ±0.03} 

0.39 ± 0.05 

>25.18±0.41 

CHF2-O-CF, 
(HFOC-125) 

555- 
700- 
785- 
830- 
860- 
980- 

1143- 
1184- 
1266- 
1343- 
1450- 

670 
785 
830 
860 
980 
1143 
1184 
1266 
1343 
1450 
1510 

0.229 
0.225 

(0.025 
(0.009 
0.962 
5.746 
4.465 

13.123 
6.804 
0.999 
0.080 

± 0.009 
±0.015 
± 0.007)* 
±0.001)* 
± 0.020 
± 0.027 
±0.010 
± 0.053 
± 0.022 
± 0,022 
± 0.008 

.{31.22 ±0.07} 

0,209 ±0.01 

0.949 ±0.01 

) 32.3 ± 0.40 

} 0.58 ± 0.02 

} 0.03 ± 0.01 

0.93 ± 0,04 

i31.3± 1.09 

° IBI values and their 95% confidence intervals shown in the table were obtained from the linear fitting of the integrated absoiption areas versus 
hydrofluoroethcr pressure and do not include the estimated systematic error of ca. 2%. *The weak absorption band was not originally included in 
Table 3 to be assigned to the IR spectrum of CIIF2-O-CF3. The value is shown to compare with that by Ileathfield et al."' 
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Figure 6. Infrared absoiption cross sections of CHF:-0—CFj (HFOC- 
125) at 7-=295 K. 

There arc three papers reporting integrated band intensities 
measured for these three hydrotluoroethcrs.'''^'* Only the total 
integrated absorption intensity of HFOC-125 over the entire 
range between 450 and 2000 cm ' measured with a spectral 
resolution of 0.5 cm ' is presented in ref 14. The reported value 
of 29.22 cm- molecule ' cm ' is significantly smaller than our 
total value of 32,64 cm- molecule ' cm ' for the same range. 
Results from two other studies'-^'"'' reporting the integrated band 
intensities for different absorbing bands of HFOC-125 and 
HFOC-134 are listed in Table 3 for comparison with our data. 
These two studies of CHF2-O-CF3 were performed using 
different spectral resolutions. Heathfield et al.'^ employed 
resolutions of 0.03 and 0.1 cm"' to measure the absorption of 
nondiluted ether samples. Heathfield et al."^ used the higher 
resolution of 0.0032 cm"' to study the nitrogen-diluted samples. 
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Figure 7. Dependence of the integrated absorption in several of the 
strongest bands (base 10) on the hydro fluoroether pressure. 

One can see the excellent agreement between all measurements 
for the main absorption bands, while some discrepancies exist 
for the weakest ones. The agreement confirms our conclusion 
that neither pressure broadening nor very high resolution are 
necessary for measuring the midinfrared range absorption spectra 
of deeply halogenated hydrocarbons.'^ Note that two bracketed 
absorption band intensities shown in Table 3 did not meet our 
0.2% criteria to be assigned to the absorption spectrum of 
CHF2-O-CF3 (since they were only 0.19% and 0,07% of the 
strongest  1184-1266 cm"'   band, respectively).  They are 
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TABLE 4: Relative Radiative Forcing (RRFHTOC")' Atmospheric Lifetime, HGWP, and GWP for Hydrofluoroethers 

atmospheric 
lifetime, yrs 

Global warming potentials at time horizons of: 

compound 20 years                           100 years                          500 years 

(molecule) HGWP          GWP          HGWP          GWP          HGWP          GWP 

1.00 45" 1.0 6300 1.0 4600 1.0 1600 

1.77'- 

1.54'- 

\.m' 

24.8 

0.294 

165* 

.75 

0,021 

2.1 

1.25 

0.0086 

1.14 

0.0076 

CFC-11 
(CFCU) 
lIFOC-134 
(CHF2-O-CHF.) 
HFOC-356mff 
(CF3-CH2-O-CH2-CF1) 
HFOC-125 
(CHF2-O-CF3) 

"The calculated atmospheric lifetime of CFC-11 (CFCI3) and its GWP relative to CO2 were taken from ref 22. 'The atmospheric lifetime of 
CHF2-O-CF3 was calculated using eq 5 and the rate constant for the reaction with OH from ref 19. ' Heathfield et al," reported RRF^[4'^^" = 
1.48 and RRF^jf"" = 1.40; Christidis et al,"* reported RRF^jT"^" = 1,55; Wallington et al," reported RRFj^J,7n'' = '-^S. All data are based on 
results of radiative transfer modeling for the cloudy sky. 

11000 

134 

13400 3,4 

5800 

39 

15600 6.4 

1820 

12 

10200 

included into the table only to compare with the results presented 
by Heathfield et al.'* In any case, such disagreement in the weak 
long-wavelength band intensities does not affect the estimations 
of the global warming potentials of the compounds. 

Garland et al.-' measured the IR absorption spectrum of 
HFOC-134 diluted with dry air up to 1 atm total pressure 
between 770 and 1430 cm"' (the spectral resolution is not 
reported). Their absorption intensity integrated over the range 
can be recalculated'* to give 25.3 x 10~" cm^ molecule"' cm"' 
that coincides with our value of 25.4 x 10"'^ cm^ molecule"' 
cm"' obtained by integrating over the same wavenumber 
interval. 

The only available IR spectrum of CF.,-CH2-0-CH2-CF3 
is presented in a figure by Wallington et al.'^ Their absorption 
cross sections appear to agree with our results as best as can be 
estimated from an analysis of the published figure. The 
agreement is probably better than 3% at the main absorption 
peak at 1181.3 cm"'. 

Atmospheric Implications 

Reactions with hydroxyl radicals in the troposphere are the 
main removal processes for hydrogen-containing compounds. 
Following Prathcr and Spivakovsky,"* we can estimate the 
atmospheric lifetime of an HFOC (THFOC) due to reactions with 
hydroxyl radicals in the troposphere as 

on    ^. 
■■HFOC 

^-Mc(277) 

(277) 
.OH 
■MC (5) 

'^HFOC 

where TJ^PQC <ind r^" = 5.9 years are the atmospheric lifetimes 
of HFOC under study and methyl chlorofomi (MC), respec- 
tively, due to reactions with hydroxyl radicals in the troposphere 
only, and /tHFoc(277) and itMc(277) = 6.69 x 10"" cm' 
molecule"' s"' (ref 19) are the rate constants for the reactions 
of OH with these substances at 7" = 277 K. The value of x^l 
was obtained following the procedure used by Prinn et al.-" fiom 
the measured lifetime of MC, TMC = 4.8 years when an ocean 
loss of 85 years and a stratospheric loss of 37 years are taken 
into account. 

Given our earlier discu.ssion of the differences in the 
Arrhenius parameters for the reaction between OH and CHF2— 
O—CHF2 obtained in the present work and reported in ref 5, a 
fit to the combined data is best recommended. Such a combined 
fit results in 

Voc-i34(7) = (0.82:;]:^t) X 10"'' exp{-(1730 ± 

110)/7} cm^ molecule"' s ' (6a) 

^•HFOC-I.«(7) = 2.46 x 10 '"^ exp{- 173o(j; - ^^g)) cm^ 

molecule"^' s~' (6b) 

./(7)HFOC-I34= l.lexpjllO 
1       1 
T    298 

(6c) 

We did not include the data from ref 3 in this combined fit 
because of their higher scatter and smaller region of temperature 
overlap with the other studies. The fit to a data set combined 
from the results obtained over different temperature ranges can 
cause additional systematic errors in the Arrhenius parameters.^' 
The recommended fit to our data and those of ref 5 results in 
a rate constant A-HFOC-134(277) = 1.59 x 10"" cm-' molecule"' 
s"' that is ca. 14% higher than the current JPL Data Panel 
recommendation.'-' For the rate constant of the reaction between 
OH and CF3—CH2—O—CHo—CF3, we can only recommend 
expression 3 (which does not include the room-temperature data 
of ref 6 because of the lack of detailed information on these 
measurements). The atmospheric lifetirnes were thus calculated 
to be 24.8 years and 0.294 years for HFOC-134 and HFOC- 
356mff, respectively, based on these recommendations for the 
rate constants. 

All the fluorinated ethers studied here absorb UV radiation 
in neither the troposphere nor the stratosphere. Therefore, the 
values of t'^foc are the good estimations of their total atmo- 
spheric lifetimes.* Tlie calculated atmospheric lifetimes are 
presented in Table 4 along with our estimations of the radiative 
forcing and global wan-ning potentials of the compounds. 

The measured infrared absoiption cross sections together with 
the estimated ati-nospheric lifetimes allowed us to estimate the 
climate related properties of the fluorinated ethers. The calcula- 
tion technique we used here will be described in detail by Orkin 
et al.'^ Therefore, we present here only the main equations that 
were used for the calculations. The experimentally obtained 
spectrum of the Earth's outgoing infrared radiation^' was used 
to calculate the relative radiating forcing of the ether with CFC- 
11 (CFCI3) as the reference, 

RRF: 
.CFC-11 _   ^'1 
HFOC 

Co\iYOc(y)'^i^') dl' 
(6) 

XAFc-nM*Wdv 

where <t>(i') is the intensity of outgoing Earth's radiation. We 
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TABLE 5: Rate Constants for Reactions between Fluorinated Ethers and Corresponding Alkanes 

molecule 
A X lO'l 

cm'molec"' s~' 
FJR, 

K 
A(298) X 10'^ 

cm'molec"' s"' reference 

CII,--CMi 
CH;<-0-CH3 

CH,-C:iI:~-CF3 
CH,-0-CH2-CF3 
CH3-CH2-O-C4F9 

CH,-CF, 
CIIi-C.Fs 
CH3-O-CF3 
CH3-O-C4F., 

CH3-CHF. 
CIIJ-O-CHF2 

CHF2-CHF: 
CHF2-O-CHF2 

C1IF-.-CF, 
CHF2-O-CF3 

CH3-CH2-CII2-CH3 
CH3-CH,-0-CH2-CH3 

CF,-CIl2-CH2-CF3 
CF3-CH2-0--CH2-CF3 

CIIF2-CH2-Cf'3 
CHF2-0-CH:-CF3 

7.9 
11.0 

1.2 
0.44 
1.5 

2.4 
6.0 

1.6 
0.63 
1.9 

0,56 
0.47 

9.0 
5.8 

3.0 
2.3 

0.61 
2.6 

used absorption cross sections of CFCI3, ac?c-\\{v) obtained 
by Orkin et al.'^ for the calculations. 

Time-dependent halocarbon global warming potentials, HG- 
WP(/) (the global warming potential with CFG-11 as a reference 
compound), were then calculated'^ using the compound atmo- 
spheric lifetimes presented in Table 4, 

HGWPHPOCCO = 

A^ci-c-n X>»-oc<^)^^('')d^'   rH,o,. 1 - exp(-//r,|,oc) _ 

„CKC-1 I^CFC-II   ^HFOC    1  ^ eXp(-//THFOc) 
RRF^H 

'WHKOC ^CKC-ii 1 -expC-Z/Tc^.f..,,) 
(7) 

where MHFOC and Mcvc-w are molecular weights of the 
fluoroethcr and CFCI3, respectively. The hydrofluoroethers 
studied in the present work have no intense absorption bands 
that overlap the 15 fim absorjition band of carbon dioxide (ca. 
600-800 cm ')• Therefore, such calculations .should result in 
reasonable and accurate estimations of the radiative forcing and 
HGWPs of the compounds." 

All the atmospheric parameters discussed above ruFoc, 

RRFHPOC"' ^^'^ HGWPMFOKO are the results of self-consistent 
estimations made by using only data from laboratory ineasure- 
ments {k,, o^v)) and field measurements (rMc ^(v)). Global 
warming potentials with CO2 as a reference (GWP) cannot be 
accurately calculated in the above-described manner due to the 
high concentration of carbon dioxide in the real Earth's 
atmosphere that results in nonlinear absorption of the outgoing 
radiation by CO2 molecules.'-^ Therefore, we used the global 
warming potential of CFG-11 referenced to CO2 (GWPCFC-II) 

calculated using a radiative transfer model of the atmosphere-^ 
to obtain the GWPs of the ethers presented in Table 4, 

GWPHPOC(0 = HGWPHPocWGWPcrc-, i(0        (8) 

The latest accepted data for GWPs are presented in the Scientific 
AssessmeiH of Ozone Depletion:   1998P Our estimations for 

1030 
370 

2030 
1690 
1450 

1260 
1530 

1680 
1650 
2000 

1700 
2100 

395 
-240 

1800 
790 

1330 
1610 

25.0 
290.0 

27 
27 

4.2 
63.0 

7.0 

19 
2,6 
28 

0.13 
0.15 
1.2 
1.4 

9 
29 
19 
30 

3.5 
3.5 

19 
4 

0.57 
0.25 
0.23 

19 
this work 
5 

0.19 
0.041 

19 
19 

240.0 
1300.0 

27 
12 

0.71 
16.2 

19 
this work 

0.70 
1.2 

19 
19 

the GWPs of HFOC-125 presented in Table 4 agree with the 
recommendations from this assessment to better than 3%. Our 
estimations for the GWPs of HFOC-134 differ from those in 
rcf 22 by between 7% and 21% depending on the time horizon. 
This difference is entirely due to the difference between the 
lifetime for HFOC-134 derived here and that used in ref 22. 
For example, if a lifetime of HFOC-134 of 29.7 years (i.e., the 
value in ref 22) were used in our calculations, the GWPs derived 
would agree with those from ref 22 within 2%. 

Reactivity of Hydrofluoroethers 

Generally, it has been assumed that ethers are more reactive 
toward hydrogen abstraction than the parent alkanes due to a 
decrease in the C—H bond strengths, particularly on the carbon 
adjacent to the ether linkage. Indeed, evidence has been 
presented indicating the effect of the ether linkage on increasing 
the reactivity of C-H bonds^" as far as four carbons removed 
from the ether fijnction. Increases in reactivity of a coirespond- 
ing magnitude have not been observed when a second ether 
function is present." In fact, the presence of a second ether 
function in a cyclic ether actually decreases the reactivity of 
the compound (for example, ;;-dioxane vs tetrahydrofuran).^" 
However, early calculations support the idea that this reactivity 
pattern correctly reflected the differences in the bond strengths.^^ 
Examination of the current data set for hydrofluoroethers 
suggests that the inclusion of an ether linkage in a fluoroalkane 
either does not decrease the C-H bond strength as it does for 
simple hydrocarbons or that other factors (in addition to C-H 
bond strength) may be important in determining reactivity 

patterns. 

In Table 5, we present the kinetic parameters for the reactions 
of OH with hydrofluoroethers and for their parent alkanes. The 
same results are presented graphically in Figure 8, where the 
room-temperature rate constants for the alkanes are given on a 
logarithmic scale on the left and the ethers on the right. The 
lines drawn connect the corresponding pairs. It is quite evident 
that the simple assumption of uniform activation of neighboring 



9778   J. Phys. Chem. A, Vol. 103, No. 48, 1999 Orkin et al. 

■«)   10"  : 
0) 

o 
E 

CO 

E u 
10-1 

c 

8 10" 
o 
C 
c 
o 

X 
o 

10' 

CHj-CHj 

CHj^Hj-CFj' 
CHj-CHF2 

CFj^H2-CH2-CF3' 
CFJ-CH2-CHF2— ' 
CHF2-CHFJ  

• CHF2-CF3 
CH3-CF3 

CH3-O-CH3 

CH30^H2-CF3 

CF3-CH2-O-CH2-CF3 

—CHJ-CH2-O-C4FS : 

CH3-0-CHF2    ; 

^CH,-0-CF3 
-CHF2^.CH2-CF3: 

— CHF2-O-CHF2 

-CHF2-O-CFJ 

Fluoroalkane Fluoroether 

Figure 8.   Graph of OH reactivity toward fluoroalkanes and corre- 
sponding fluoroethers at T = 298 K. 

C—H bonds by the ether linkage is not con-ect. Rather, both 
activation and deactivation are observed. The net result is that 
the reactivities of the ethers span a much wider range than the 
reactivities of the parent alkanes, i.e., an increased spread of 
about 1.5 orders of magnitude. 

It is difficult to discern clear trends from the.se data. We note 
that the two hydrofluoroethers, with no fluorine a to the ether 
linkage, both react significantly faster than their parent alkanes. 
For ethers where only one of the a carbons is fluorinated, the 
reactivity ranges from remaining unchanged to increasing by 
an order of magnitude. On the other hand, decreases in reactivity 
are observed for the two ethers in which both a carbon atoms 
are fluorinated. In the absence of a more comprehensive database 
for hydrofluoroether reactivity, it is difficult to draw conclusions 
regarding changes in Arrhenius parameters due to the addition 
of an ether linkage. We are presently performing ab initio 
calculations of the OH + hydrofluoroether reaction system in 
an attempt to obtain insight into the energetics and mechanisms 
for such reactions, with the objective of developing a predictive 
capability for reactivity toward OH. 

Rate constants for the reactions between OH and few other 
hydrofluoroethers not listed in the Table 5 are also available 
from the literature. O'Sullivan et al.* repotted a rate constant 
of 2.1 X 10"'* cm' molecule"' s""' for the reaction between 
OH and CH3-O-CF2CHFCF3. This result is reasonably 
consistent with the structurally closest reactions in Table 5. 
Heathfield et al.' repotted rate constants of 20, 16.5, 9.4, and 
43 (x 10" '■• cm' molecule"' s"') for the reactions of OH with 
CH3-O-CF2CHF2, CH3-O-CF2CHFCI, CF3CH2-O-CF2- 
CHF2, and CH3CH2-O-CF2CHF2, respectively, from a pulse 
radiolysis experiment. On the basis of the reactivity infonnation 
presented in Table 5, we conclude that all of them (especially 
first three reactions) are highly overestimated. Indeed, we expect 
the reactivity of CH3-O-CF2CHF2 to be between that of CH3- 
O-CF3 and CH3-O-CHF2, i.e., aroimd 2 x 10"'" cm' 
molecule"' s"' (see Table 5). On the basis of the reactivity of 
closely related haloethanes,"-^* we conclude that the reactivity' 
of CH3-O-CF2CHFCI should be higher than that of CH3- 
O-CF2CHF2, not vice versa. The reactivity of CF3CH2-O- 
CF2CHF2 is probably close to that of CF3CH2-O-CHF2 (see 

Table 5). The estimation of the reactivity of CH3CH2-O-CF2- 
CHF2 is not as straightforward. It should slightly exceed the 
reactivity of CH3CH2—O—C4F9, whereas a factor of 6 (as 
suggested by the results of Heathfield et al.) seems too high. 
The presence of reactive impurities in the samples or the 
reactions with the ether decomposition products in the studies 
by these authors could be the possible reasons for such 
overestimation. 
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Ah initio calculations were carried out with MoUer-Plesset second- and fourth-order perturbation theory 
(MP2 and MP4), and the coupled cluster method, CCSD(T), on the H atom abstraction reaction from 
dibromomethane by hydroxyl radical attack. Geometry optimization and vibrational frequency calculations 
at the MP2 level were performed on reactants, products, and the transition state using the 6-311G(d,p) and 
6-311G(2d,2p) basis sets. The geometry parameters optimized at the MP2/6-31IG(2d,2p) level of theory 
were used in single-point energy calculations with increasing basis set sizes, fi-om 6-31 lG(2d,2p) to 6-311++G- 
(3df,3pd) at both the MP2 and MP4(SDTQ) levels of theory. Canonical transition-state theory was used to 
predict the rate constants as a function of the temperature (250-400 K). It was found that the kinetic parameters 
obtained in this work with the spin-projected method PMP4(SDTQ)/6-311++G(3df,3pd)//MP2/6-311G(2d,- 
2p) are in reasonable agreement with the experimental values. The prospect of using relatively low level ab 
initio electronic structure calculations aimed at the implementation of inexpensive semiquantitative "screening 
tools" that could aid scientists in predicting the kinetics of similar processes is also discussed. 

Introduction 

In this paper, we initiate a systematic study of the application 
of ab initio electronic stnicture calculations combined with 
transition-state theory to the kinetics of hydrogen atom abstrac- 
tions by hydroxyl radicals. This work is part of an ongoing effort 
at the National Institute of Standards and Technology (NIST) 
leading to the implementation of efficient and reliable compu- 
tational chemistry "screening tools" useflil in predicting the fate 
of haloalkanes once they are released into the atmosphere. Our 
focus is mainly directed to the use of computationally inex- 
pensive ab initio molecular orbital methodologies that could 
be used on a routine basis by both experimentalists and 
computational chemists so that a reliable semiquantitative picture 
of the kinetics of these reactions can be obtained with the 
minimum amount of effort. In this work, we report results for 
the reaction 

(Rl) OH + CHzBrj — Hp + CHBrj 

We have chosen this reaction as a prototype of processes for 
which the proposed screening tool will be used. One of the 
reasons for this choice is the availability of reliable experimental 
data and because the significant computational difficulty in 
treating relatively large electronic systems containing bromine 
atoms makes this reaction a serious test of the applicability of 
the current quantum chemistry methodologies in such systems. 
Thus, it is expected that a viable theory level for this reaction 
should be adequate for other haloalkanes containing bromine 
or lighter halogen atoms. In addition, bromine is an active agent 
in fire suppression and inhibition.' In the screening for suitability 
as a fire suppressant, the reactivity of the agent is of important 
consideration, with regard to both its utility and its environ- 
mental acceptability. 

* To whom Con-espondence should be addressed. Fax: (301) 975-3672. 
E-mail: (F.L.) flouis@nist.gov, (C.A.G.) carlos.gonzalez@nist,gov. 

There have been some early applications of transition-state 
theory to the reactions of OH with haloalkanes, making use of 
thermochemical kinetic tools, which provided estimates of the 
Arrhenius preexponential factors.--' A few ab initio studies also 
have been can-ied out on the reactions of hydroxyl radicals with 
halogen-substiUited methanes'*"* or ethanes.^"'f None of these, 
however, have included bromine-substituted methanes. In ad- 
dition, there have been several ah initio studies on the reactions 
of fluorine and chlorine atoms with halogenated methanes'^"'■* 
and ethanes''-'* plus one on methyl radical reactions with 
halomethanes," and a theoretical snidy of the enthalpies of 
fomiation of tluoromethanes.'* Recently, two ab initio smdies 
dealing with the stracUires, vibrational frequencies, thermody- 
namic properties, and bond dissociation energies of bro- 
momethanes and bromomethyl radicals were published.""'^' 

Table 1 summarizes the available results of the experimental 
smdies of the reaction of OH with CH2Br2. The rate constant 
was measured by absolute techniques by Mellouki et al.-^ and 
Zhang et al.^' as well as by relative techniques by DeMore^'' 
and Orlando et al.^' It was also measured recently in our 
laboratory at 298 K.^* In general, all measurements agree with 
the value it(298 K) = 1.2 x lO"'' cm' molecule"' s"'. 

The kinetic parameters for the reaction of OH with CHaBra 
are consistent with a reaction that takes place by hydrogen 
abstraction. Recent work has demonstrated that the reaction of 
the hydroxyl radical with CF3I proceeds rapidly by I atom 
abstraction.^^ The lack of reactivity of CFjBr toward OH^' 
however argues against any significant conti'ibution of a bromine 
abstraction reaction pathway for OH + CH2Br2. 

In this work, the energetics (heat of reactions and reaction 
barriers) as well reaction rate constants in the temperature range 
250—400 K are computed at different levels of theory and basis 
sets. From the computed temperature dependence data, Arrhe- 
nius parameters (.^-factor and activation energy) are obtained 
and the results compared to available experimental data. 

I0.I021/jp99I022e   This article not subject to U.S. Copyright.   Published 2000 by the American Chemical Society 
Published on Web 03/14/2000 
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TABLE I: Experimental Rate Parameters for the Reaction OH + CH2Br2 — H2O + CHBri 

A( cm' molecule ' s~ ') E, (k.T mol-' ') T(K) /t(298K) (cm'molecule-'.?-') method ref 

1.9 X 10-'-' 
1,9 X 10-'- 
3.2 X ur" 

1.5 X 10-'' 

7,0 
7.0 
7.5 

6.0 

244- 
293- 
293- 
298 
288- 
298 

-370 
-375 
-375 

-368 

1.1., 
1.1 
1.5 
1.2 
1.3 
1.2 

iX 10-" 
X 10-'' 
X 10-" 
X 10-" 
X 10-" 
X 10-'-' 

FP/LIF" 
RR* 
RR* 
RR* 
DF/RP 
FP/RF'' 

22 
24 
24<' 
25 
23 
26 

" FP/LIF = Hash phololysis/laser-induced nuoresccnce. * RR = relative rate. '' DF/RF = discharge flow/resonance fliiorescencc. '' FP/RF = flash 
photolysis,/resonance fluorescence. '' Rate constants from ref 24 recalculated using the values of the rate constant for the reference reaction OH -I- 
CH2CI2 reported in ref 27. 

Computational Methods^' 

All calculations described below were cairied out with the 
Gaussian 94'"' suite of programs on a Cray C90/6256 super- 
computer and a 32-processor Silicon Graphics Origin 2000 
parallel cotnputer. Fully optimized geometries, haimonic vi- 
brational frequencies, and zero-point energy corrections (ZPE) 
of reactants, the transition structure, and products were calcu- 
lated with the unrestricted second-order Moller-Plesset per- 
turbation theory (UMP2) using the 6-311G(d,p) and 6-311G- 
(2d,2p) basis sets. Electron correlation was calculated with 
second- and fourth-order Moller-Plesset perturbation theory in 
the space of single, double, triple, and quadruple excitations 
with full annihilation of spin contamination-' as implemented 
in the Gaussian 94 package (noted in our results as PMP/;, with 
„ = 2 or 4). These single-point calculations were carried out 
using basis sets ranging from 6-311G(2d.2p) to 6-31H—f-G- 
(3df,3pd) and geometries previously optimized at the MP2/6- 
311G(2d,2p) level. All relative energies quoted and discussed 
in the present paper include zero-point energy corrections with 
unsealed vibrational frequencies. For comparison purposes, 
single-point energies at the MP2/6-311G(2d,2p)-optimized 
geometries were also computed with the highly correlated (and 
computationally more expensive) coupled cluster method in- 
cluding single and double electron excitations computed itcra- 
tively, and triple excitations computed in a noniteratively manner 
froin the Hartree-Fock determinant, CCSD(T)." The larger 
basis 6-31 l-H-G(3df,3pd) was used in these calculations. 

Canonical transition-state theory" (TST) and tunneling cor- 
rections were used to predict the rate constant over the same 
range of temperatures as the available experimental measure- 
ments (250-400 K). Thus, rate constants, A:(7), were computed 
with the following expression: 

k{T) = r(7> 
k^T Q^\T) 

h Q°"iT) Q |CHoBr2 (7) 
(1) 

where: Q^\T), QP'\T), and QCVT-^^T) are the total partition 
ftinctions for the transition state, hydroxyl radical, and dibro- 
momethane at temperature T, hE is the activation energy 
including thermal corrections to the internal energy and zero- 
point energy, kv, is Boltzmann's constant, and h is Planck's 
constant. Y(T) in eq 1 indicates the corresponding Umneling 
correction at temperature T (see the Results and Discussion). 

Results and Discussion 

\. Geometry Parameters and Vibrational Frequencies. /./. 
Geoinelry Parameters. Reactants and Products. Table 2 lists 
the geometry parameters fully optimized at the MP2/6-311G- 
(d,p) and MP2/6-311 G(2d,2p) levels of theory. In addition, the 
available experimental data characterizing the structures of these 
species are also shown for comparison purposes. As the results 

TABLE 2: Optimized Geometry Parameters" for Reactants 
and Products Involved in H Abstraction Reaction of CH2Br2 
with Hydroxyl Radicals 

MP2 MP2 
6-311G(d,p) 6-311G(2d,2p) exptl 

OH /•(OH) 0.967 0.965 0.971* 
CHzBra ;-(CH) 1.086 1.078 1.097' 

r(CBr) 1.929 1.933 1.925 
0(HCH) 111.6 111.9 110.9 
e(BrCH) 107.8 107,9 
0(BrCHH) 118.2 118.5 

H,0 r(Q\\) 0.958 0.957 0.958'' 
6'(H0H) 102.4 103.3 104.5 

ClIBr2 '•(ClI) 1.082 1.074 
/■(CBr) 1.860 1.861 
6»(BrCH) 116.0 116.1 
(jKBrCHBr) 148.4 149.2 

" Bond lengths are in angstroms; bond angles 9 and dihedral angles 
(t> are in degrees. * Reference 34. '' Reference 40. '' Reference 41. 

show, the optimized geometries with both basis sets are in 
excellent agreement with the con-esponding experimental values. 

Transition-State Structure. The MP2-optimized parameters 
for the transition-state structure using the 6-311G(d,p) and 
6-311G(2d,2p) basis sets are shown in Table 3 and Figure 1. 
Comparison of the results shows that, as in the case of reactants 
and products, the transition-state stiaictures optimized with both 
basis sets are very siinilar. This agreement is further reflected 
in the transition-state parameter L, defined as the ratio of the 
increase in the length of the C-H bond being broken and the 
elongation of the 0-H bond being formed, each with respect 
to its equilibrium value in the reactant (CH2Br2) and the product 
(HiO).'^ This parameter characterizes the most important aspect 
of the geometric structure of the transition state. As the results 
in Table 3 show, addition of an extra set of d-orbital polarization 
functions on the heavy atoms (C and Br) and two p-orbital 
polarization functions on the H atoins leads to an L value very 
close to the one obtained at the 1V1P2/6-31 lG(d,p) level (0.324 
vs 0.314). Both values of the L paraineter indicate a reactant- 
likc character for the transition-state structure as expected for 
an exothemiic reaction. The fact that the less computationally 
demanding MP2/6-311G(d,p) level of theory gives results for 
the geometry of the miniina and transition state in excellent 
agreement with the ones computed with the larger basis 6-31 !G- 
(2d,2p) suggests that this level may be sufficient for treating 
systeiTis similar to the one under study. More cases however 
must be studied before this level of theory can be recommended. 
In this work, we choose the MP2/6-31 lG(2d,2p)-optimized 
geoinetries for the single-point energy calculations. 

1.2. Vibrational Frequencies. The vibrational frequencies, 
unsealed zero-point energies, and internal energy corrections 
at 298 K for reactants, the transition state, and products are given 
in Tables 4 and 5. For reactants and products, calculated 
vibrational frequencies at MP2/6-311 G(d,p) and MP2/6-3IIG- 
(2d,2p) are about 7% greater than the experimental values. As 
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TABLE 3: Optimized Geometrj' Parameters" for the Transition State Involved in H Atom Abstraction Reaction of CH2Br2 witli 
Hydroxyl Radicals 

MP2 6-31IG(d,p) MP2 6-311G(2d,2p) param" MP2 6-311G(d,p) MP2 6-31IG(2d,2p) 
'■(C-HR) 1.192 
KCH) 1.087 
KCBr,,,) 1.910 
KCBr,,,) 1.917 
'■(OHR) 1.296 
r(HO) 0.968 
6>(HCHR) 108.2 
&(Br,„,CHR) 105.8 

1.188 e(Br,b,CIlR) 108.0 107.8 
1.078 ^(OHRC) 166.2 165.3 
1.911 «9(H0HR) 97.1 97.2 
1.919 (/.(Br(,,CHRH) 117.8 118.1 
1.296 #Br,b)CHRH) -118.3 -118.4 
0.967 «!.(OHRCH) 48.5 51.9 
108.2 0(HOHRC) 50.7 51.5 
106.0 L* 0.314 0.324 

Figure 1. MP2/6-31 lG(2d,2p)-optimized geometry for the transition 
state involved in the OH + CH2Br2 reaction. 

TABLE 4: Calculated"' Vibrational Frequencies (cm"') for 
the Reactants, Transition State, and Products Involved in H 
Atom Abstraction Reaction of CH2Br2 with Hydroxyl 
Radicals 

" Bond lengths are in angstroms; bond angles 8 and dihedral angles (p are in degrees. The hydrogen atom involved in H atom abstraction is noted 
HR. (a) refers to the in-plane bromine and (b) to the oul-of-plane bromine. ' The parameter /. is the ratio between the elongation value of the C-H 
bond and the elongation of the 0-H bond: L = dKCH)/(5/(0H). 

cm"' vs 2075 cm"'). A similar fact was observed previously 
in the series of H atom abstraction reactions F + CHCI3 ^F,. {x 
= 0, 1,2, or3).'3 

2. Reaction Enthalpies and Activation Energies. Table 6 
lists reaction enthalpies (A,//), C-H bond strengths D29s{'H- 
CHBra), and activation energies (£a), computed at different 
levels of theory and taking into account the zero-point energy 
differences and thermal energy corrections at 298 K (calculated 
using the vibrational frequencies given in Table 4) for the 
reaction OH + CH2Br2. Results obtained at the highly correlated 
level CCSD(T)/6-311++G(3df,3pd)//MP2/6-311G(2d,2p) are 
also listed for comparison purposes. 

2.1. Reaction Enthalpies. Reaction enthalpies calculated at 
the PMP2/6-31 lG(d,p)//MP2/6-3riG(d,p) and PMP2/6-31IG- 
(2d,2p)//MP2/6-31 lG(2d,2p) levels are very close to the litera- 
ture values based on Afff at 298 K for OH,'" CH2Br2,''' H20,3'' 
and CHBr2,''° especially if the experimental uncertainties for 
CH2Br2 (±9 kJ mol"') and CHBrj (±5 k.l mol"') are taken 
into consideration. Adding diffuse functions to the basis sets at 
the PMP2 level leads to reaction enthalpies significantly larger 
than the experimental value and outside the experimental 
uncertainties. A better agreement with experiment is obtained 
at the PMP4(SDTQ) level. 

To improve on the agreement between ah initio and experi- 
mental values, especially in the case where basis sets have been 
expanded by including diffuse flinctions, reaction enthalpies for 
reaction Rl were also corrected by new values of D2mQi~ 
CHBr2) computed at different levels of theory using the 
following isodesmic reaction: 

species vibrational frequencies (cm"')'^ 

OH (a) 3853 
(6)3833 
3735'' 

CU2BT2        (a) 178, 604, 692, 835, 1150, 1265, 1459, 3169, 3254 
(b) 175, 590, 672, 833, 1141, 1239, 1458, 3183, 3270 
169, 588, 653, 812, 1095, 1195, 1382, 3009. 3073' 

TS (a) 20751, 70, 102,155, 183,473, 651, 713, 805, 959, 
1210,1319,1405,3211,3840 

(b) 22001, 76, 109, 156, 182,463, 640, 698, 803, 957, 
1191,1307,1395,3225,3811 

H2O (0)1667,3905,4013 
(b) 1685, 3875, 3989 
1595, 3657. 3756' 

CHBr2 (a) 193,492, 653, 805, 1241, 3267 
(6) 189, 486, 644, 790, 1214, 3279 
633. 778, 1164^ 

» MP2/6-31 lG(d,p). * MP2/6-31 lG(2d,2p). ^ The experimental values 
of the vibrational frequencies are in italics. '' Reference 34. ' Reference 
42.''■Reference 43. 

TABLE 5: Calculated Zero-point Energy and Thermal 
Energy Corrections at 298 K for the Reactants, Transition 
State, and Products Involved in H Atom Abstraction 
Reaction of CH2Br2 with Hydroxyl Radicals 

CH3 + CHjBrj ■ • CH4 + CHBr2 (R2) 

zero-point 
Energy" 

thermal 
energy" 

zero-pomt 
energy" 

thermal 
energy" 

OH 23.1*/22.9^ 6.2 CHBr2 39.8/39.5 10.2 
CHzBra 75.4/75.1 10.1 TS 90.3/89.8 16.4 
H2O 57.3/57.1 7.5 

° Units are kJ mol"'. * Geometry optimization calculation at the MP2/ 
6-311 G(d,p) level of theory.' Geomehy optimization calculation at the 
MP2/6-311G(2d,2p) level of theory. 

with the geometries, the vibrational frequencies computed with 
both basis sets are in excellent agreement. The eigenvector in 
the transition state coiresponding to the imaginary frequency 
is primarily a motion of the reactive hydrogen atom being 
transferred between the C and the O centers. The calculated 
imaginary frequency is about 6% larger at the MP2/6-311G- 
(2d,2p) level of theory than at the MP2/6-31 lG(d,p) level (2200 

The direct calculation of this bond dissociation energy from 
the reaction CH2Br2 — H + CHBr2 is expected to be systemati- 
cally in en-or due to insufficient ti-eatment of electron correlation 
and incompleteness of the basis sets. The use of an isodesmic 
reaction, such as reaction R2, provides an indirect method that 
may lead to a more reliable value of the bond dissociation 
energy. In general, isodesmic reactions are characterized by 
having the same number and types of bonds on each side of 
the equation, so that the errors mentioned above are largely 
canceled when Z)298(H-CHBr2) is calculated. The reaction 
enthalpy for reaction R2 was computed at the same levels of 
theory as that for reaction Rl. Taking the experimental value 
of D29s(H-CH,) = 440 kJ mol"',"' we obtain calculated Din- 
(H—CHBri) values at the various levels of theory used in this 
work (Table 6, column 3). These D298(H-CHBr2) quantities 
were then used in the calculation of the reaction enthalpy for 
reaction Rl by means of the following relation: 

A^(ISO) = £)298(H-CHBr2) - Z)25g(H-OH)      (2) 
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TABLE 6: Reaction Enthalpies A^H, Bond Strengths Z)„«(H-CHBr,), R^^^*'''" Enthalpies AW aSO^Calad^ted^^^^^^^ 
Fsodesmic Reaction, and Activation Energies E„ Calculated at 298 K for the Reaction OH + CH^Bi,      H^O + CHBi 2 at 
Various Levels of Theory   

level oriheory ArW'''' 0,98(H-CHBr2)'' ArW(ISO)'' £»' 

PMP2/6-311G(d,p) 
PMP2/6-3llG(2d,2p) 
PMP2/6-311G(2df,2p) 
PMP2/6-311G(3df,2p) 
PMP4(SDTQ)/6-311 G(3df.2p) 
PMP2/6-311++G(3dr,2p) 
PMP4(SDTQ)/6-311++G(3df.2p) 
PMP2/6-311 ++G(3df,3pd) 
PMP4(SDTQ)/6-311++G(3df,3pd) 
CCSD(T)/6-311++G(3df,3pd) 
experimental 

-82.7 412.7 
-86.0 415.1 
-91.1 412.1 
-92.4 411.3 
-79.1 409.3 

-100.4 413.3 
-86.4 411.3 

-102.3 414.9 
-88.7 413.1 
-86.9 410.3 
-81.6'' 417.1 

-86.1 
-83.7 
-86.7 
-87.5 
-89.5 
-85.5 
-87.5 
-83.9 
-85.7 
-87.6 
-81.6'^ 

20.3 
17.4 
13.9 
12,0 
13.0 
14.6 
15.1 
10.6 
10.5 
7.0 
7.0'' 

" All the .eometty optimization caleulations were done with the MP2./6-31 lG(2d,2p) except the first with MP2/6-31 lG(d,p). ' Ineludh^Mhe sum 
of themS enerfc'eSAZPE V thermal energy eon-eetions). '■ Ineluding the sunt of thermal energies (AZPE + thermal energy correet.ons + RT).' In 

k.l mol"'. '■ See the text.-'From ref 22. 

Table 6 (column 4) lists the Ar//(ISO) values obtained by eq 2. 
which can be compared to the direct calculations (column 2) 
and to their experimental counteiparts. The degree of improve- 
ment observed becomes more significant for basis sets with 
diffuse functions. 

2.2. Activation Energies. The results reported in Table 6 
indicate that PMP2/6-31 lG(d,p).//MP2/6-31 IG(d.p) calculations 
overestimate the experimental activation energy by about 13- 
14 kJ mol^'. Adding an extra set of d and p functions to the 
basis sets decreases the activation energy by about 3.0 kJ mol""'. 
Addition of more polarization and diffuse functions tends to 
improve the agreement with experiment. Thus, PMP4(SDTQ)/ 
6-311-|-F(3df,3pd) and PMP2/6-31 l+-l-(3df,3pd) calculations 
lead to activation energies for the OH + CH^Brz reaction that 
are 3.5 and 3.6 kJ mol ' higher than the experimental value, 
respectively. Similar calculations using the same basis sets with 
the highly con-elated and more computationally demanding 
CCSD(T) level of theory predict an activation energy of 7.0 k.l 
mol ', in excellent agreement with the experimental value. This 
result clearly indicates that most of the error in the activation 
energies computed at PMP2 and PMP4 with the 6-311-h-t-G- 
(3df,3pd) basis can be attributed to the lack of coiTelation in 
such methods and not to an improper optimized geometiy at 
the MP2/6-311 G(2d,2p) level of theory. It is interesting to note 
that, at the PMP2 and PMP4 levels, a better agreement with 
experiment is achieved when the 6-31 lG(3df,2p) basis is used 
when compared to the larger 6-311-t-fG(3df,2p) basis. This 
result is most probably a reflection of a better balance between 
basis set size and correlation in the case of the smaller basis. 
Similar results have been obsei^ed by Truong and Trahlar^'* in 
their ab initio transition-state theory calculations of the reaction 
rate for OH + CH4 - H2O -I- CH3. 

The objective of the present work is to develop a method 
that can be applied to a range of reactants, typically much larger 
dian CH2Br2. Thus, although the CCSD(T) level of theoiy results 
in better values of the activation energy, it is too computationally 
intensive to be generally applicable at the present time. 
Therefore, in this work, we have chosen die energetics computed 
at PMP4(SDTQ)/6-311 -)-f-G(3df,3pd)//MP2/6-311 G(2d,2p) to 
calculate the reaction rate constants (see below). These rate 
constants are determined as a ftinction of temperature and an 
activation energy calculated from this dependence. 

3. Kinetic Parameters and Tunneling Effect. The calcula- 
tion of the reaction rate constants using the TST fonnula given 
in eq 1 requires the proper computation of the partition functions 
of reactants and the transition state. In general, the total partition 
function QHT) of species X (X = CHaBr,, OH, or TS) can be 

cast in tenns of the translational (Qh), rotational iQ\), 
electronic (g^c), and vibrational (^'^v), partition functions: 

(f(T) = (fj(T) Q\(T) Q'JJ) Q\{T) (3) 

In computing the electronic partition function for the OH radical 
(P^.. the multiplicity of the states ^03/2 and ^Oia and the energy 
gap of 139.7 cm ' between the levels'" have been taken into 
consideration. 

3.1. Hindered Rotor Approximation. Direct inspection of the 
TS low-frequency modes (Table 4) indicates that the mode with 
a frequency of 109 cm ' consists of a hindered OH rotation 
about the nearly linear C-H-O axis with a rotational barrier 
of 5.5 k,l mol '. Consequently, this mode should be treated as 
a hindered rotor instead of a vibration."'' Thus, this mode was 
removed from the vibrational partition function for the TS, and 
the corresponding hindered rotor partition ftinction Qm{T) was 
calculated, yielding the following expression for the total TS 
partition function: 

-iTS _ - Q'\{T) Q\(T) Q'\{T) Q'UT) Q^^(T) (4) 

with Q'^^AT) being the corrected vibrational partition function 
where the internal rotation mode has been removed. 

In our calculations we have adopted the analytical ap- 
proximation to OHR(7) for a one-dimensional hindered internal 
rotation proposed by Ayala and Schlegel:'"' 

GITRCT) ^ 
Q\ 

|h.O-q 

ffi 
vh.o.cl lef 

1 + P2 exp 

1 -t- P| exp 2kJ_ 

exp 2kJ •/() 2kJ (5) 

where Tis the temperature, ka is Boltzmann's constant, Ko is 
the internal rotational barrier, ^f* is the free-rotor partition 
function. Pi and P2 are polynomial ftinctions of 1/g, and fV 
kT, Jo is Bessel's function, and 0-"" and (?*"''' are the 
quantum and classical partition functions defined as 

-jh.o.q 
-w/2 

I 
and   O |h.o.cl _ 1 

'ksT 
(6) 

with Vi being die vibrational frequency associated with the 
hindered rotation (109 cm"'). Again following Ayala's and 
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Schlegel's recommendation,'''' we have used the following 
approximation for the free-rotor partition function: 

er(7> = (^)'Va7l"'^ (7) 

where /R is the reduced moment of inertia for the internal 
rotation, o is the periodicity of the internal rotation potential, 
and the rest of the symbols have the same meaning as in the 
previous equations. For the case of the OH + CH2Br2 transition- 
state stracture, CT = 1, Fo = 5.5 kJ mol"', and /R = 1.52 X 

lO"'*'' kg m^ calculated at MP2/6-31 lG(2d2p) were used to 
compute the free-rotor partition fiinctions by means of eq 7. 

3.2. Tunneling. Reactions involving hydrogen atom transfers 
are usually characterized by significant tunneling effects that 
must be accounted for when computing reaction rate constants. 
Tunneling is the result of quantum effects that couple the 
reaction path coordinate to the other degrees of freedom of the 
reacting system due to the cui-vature along the reaction path. In 
these cases, the separation of the reaction coordinate from the 
other degrees of freedom is no longer valid and tunneling can 
occur through a variety of paths involving all coordinates. Given 
that the quantimi mechanical treatment of tunneling in a 
multidimensional potential energy surface is veiy complicated, 
the TST reaction rate constant is computed assuming the 
separability of the reaction path and further corrected by a 
tunneling con-ection factor FfT) (see eq 1). In the present work, 
three expressions for tunneling corrections have been explored. 
The first consists of a closed forni approximation for FfT) 
obtained by Wigner'" in 1932 using a method which is, to a 
first approximation, applicable to any shape of potential curve: 

r(7) = 1 + ±(hv_ 
24%Ti 

.*\2 
(8) 

where v* is the imaginary frequency at the saddle point. In the 
second method, FfT) is computed with the one-dimensional 
unsymmetrical potential developed by Eckart:''"''"' 

V(s) = 
Ay ■ + ■ Bv 

(l+y)    {\+yf 
y- 

i2ns\ 
:exp(—) (9) 

where s is the reaction coordinate, L is the barrier v^'idth, and 
the parameters A and B depend on the forward and reverse 
energy barriers, AFi and AK2. The parameters A, B, and L in 
eq 9 are related to AKi and AK2 by 

A^^v■y-^v. 

S = [AK,''^ + Ar/Y 

L = 2n\ -—\ + • 
F*]   [AF,"^    AF^"- 

(10) 

with F* equal to the force constant evaluated at the maximum 
of the potential. The third method is based on the symmetrical 
Eckart potential, which is obtained by making parameter A in 
eq 9 and 10 equal to zero. In this case, the following closed 
fomri for the tunneling con-ection is obtained; 

=,+±(^W,,.M: T{T) = 1 + 
24\A-B7-J AF, 

(11) 

These three different expressions were then employed in two 
different approaches to the calculation of T(T). In the first 

approach, the unsymmetrical Eckart potential given by eqs 9 
and 10 was fitted using the forward (AFi) and reverse (AF2) 
banners obtained at the MP2/6-31 lG(2d,2p) level of theory, as 
well as the imaginary fi^equency computed at the same level of 
theory (v* ss 2200 cm"'). The resulting potential was finally 
used to compute T(T) by numerical integration of the analytical 
Eckart ti-ansmission probability** using an efficient algorithm 
developed by Brovvn.''^ Wigner and symmetrical Eckart tun- 
neling corrections were computed by eqs 8 and 11, respectively, 
using the MP2/6-311G(2d,2p) imaginary frequency. 

In the second approach, the reaction path computed at the 
MP2/6-31 lG(2d,2p) level asing Gonzalez and Schlegel's second- 
order IRC algorithm''^ with a step size of 0.05 bohr amu''^ was 
fit to the following Eckart function: 

V{s) = X 
A:V, 

■ + ■ 
%, 

[(l+>-,)    {\+yy 
(12) 

where yi = exp[c,(i' — so)] and Aj, B„ c„ and so are constants. 
In the fitting procedure, an RMS of 4 x 10^^ k.l mol ' was 
obtained. The fitted parameters together with eq 12 were then 
used to interpolate the necessary IRC points to fit the Eckart 
potential given by eqs 9 and 10 in the vicinity of the transition 
state (-0.3 bohr amu"^ < s < +0.3 bohr amu"^) with the 
constraint that the difference between the forward and reverse 
barriers is equal to the heat of reaction computed at the 1VIP2/ 
6-311G(2d,2p) level (AF, - AF2 = A//,™ = -82.68 kJ mor'). 
In this step, the imaginary frequency was not fixed to the MP2 
value, and it was considered as another fitting parameter. This 
procedure gave an ;-^ approximately equal to 0.97 and a standard 
deviation of 0.30. An imaginary frequency significantly lower 
than the one obtained at the MP2/6-311 G(2d,2p) level was found 
(1245 cm"' vs 2200 cm"'). The parameters generated by this 
second fitting were used together with the Eckart potential (eqs 
9 and 10) to comptite the corresponding unsymmetrical Eckart 
tunneling correction using the same integration scheme described 
in the previous approach. In addition, the imaginary frequency 
obtained from this fitting (1245 cm"') was used to compute 
the Wigner (eq 8) and symmetrical Eckart (eq II) tunneling 
corrections. In this work we refer to the Wigner, symmetrical 
and unsymmetrical Eckart tunneling corrections computed by 
these two approaches as M^-I, SE-I, UE-I, W-II, SE-II, and UE- 
11, respectively. In both UE-I and UE-II the fitting of eqs 9 and 
10 was carried out with the constraint that the heat of reaction 
was given by the difference between the foiward and reverse 
barriers (A//rxn = AF| — AF2). The significantly small value 
of the imaginaiy itequency obtained by the UE-II method when 
compared to the value obtained at the MP2 level indicates that 
UE-I tunneling con-ections are expected to be larger than the 
con-esponding UE-II values. 

It is impoitant to note that the tunneling conections obtained 
by either Wigner's fonnalism or the symmetiical and unsym- 
metrical Eckart potentials are just approximations based on a 
one-dimensional representation of the surface and, as in the case 
of the Eckart potentials, on an a priori assumption of the shape 
of the barrier. More sophisticated and computationally demand- 
ing algorithms such as the ones developed by Truhlar^'' and 
Miller'" should be used if more accurate results are necessary. 
In these methods, detailed knowledge of the reaction path is 
needed, making the computation of tunneling corrections of 
relatively large electronic structure systems such as the ones 
containing bromine atoms vei-y time-consuming. Given that the 
purpose of the proposed screening tools (see the Introduction) 
is to develop a set of inexpensive methodologies leading to a 
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Figure 2. Temperature dependence of the rate constants for the reaction 
of CHaBrj with OH computed at PMP4(SDTQ)/6-311++G(3df,3pd)// 
MP2/6-311G(2d,2p) using the imaginary frequency computed at the 
MP2/6-311 G(2d,2p) level. Solid line: Wigner tunneling correction W-I. 
Short dashed line: symmetrical Eckart tunneling correction SE-I. 
Dashed-dotted line: unsymmetrical Eckart tunneling correction UE- 
I. UE-I tunneling correction was computed after fitting expression 9 
to the forward and reverse barrier, using the MP2/6-311G(2d,2p) 
imaginary frequency. 

semiquantitative description of the kinetics of hydrogen abstrac- 
tion reactions of haloalkanes by OH radicals, the use of 
approximated methods such as Wigner and Eckart tunneling 
corrections are adequate for the purpose of this work. 

The results of the calculations of the rate constants at the 
PMP4/6-311++G(3d,3pd)//MP2/6-31 lG(2d,2p) level of theoiy 
using tunneling corrections previously discussed are shown in 
Figures 2 and 3. As Figure 2 shows, the rate constants computed 
with the unsymmetrical Eckart tiuineling correction UE-I are 
significantly larger than the experimental values. In addition, it 
is observed that UE-I predicts the wrong shape of the Arrhcnius 
plot. Similar results have been reported" in the case of reactions 
between OH and CHFj, CH2F2, CH3F, CHF3, and CH4. Wigner 
and symmetrical Eckart tunneling corrections computed by 
methods W-I and SE-I predict reaction rate constants that are 
consistently larger than the experimental values over the whole 
temperature range. These methods, however, reproduce the 
shape of the experimental curve, contrary to the unsymmetrical 
Eckart potential. In addition, the theoretical results computed 
with W-I arc in better agreement with the experimental rate 
constants than the results obtained with symmetrical Eckart 
tunneling, SE-1. 

In all of the calculations with approach II, a better agreement 
with the experimental values is observed than with approach I, 
in particular in the case of W-II, where the predicted rate 
constants are in excellent agreement with the experimental 
values over the whole temperature range. Despite the better 
behavior in the temperature range 380-400 K, the unsym- 
metrical Eckart method UE-II still overestimates the rate 
constants, producing a cun'ed Arrhenius plot unlike the 
experimental data (see Figure 3). As in the previous case, 
symmetrical Eckart and Wigner corrections SE-II and W-II 
reproduce the shape of the experimental curve. The failure of 
un.symnietrical Eckart to reproduce the right shape of the 
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Figure 3. Temperature dependence of the rate constants for the reaction 
of CHzBrz with OH computed at PMP4(SDTQ)/6-311-h-t-G(3df,3pd)// 
MP2/6-311G(2d,2p). Solid line: Wigner tunnehng correction W-II. 
Short dashed line: symmetrical Eckart tunneling correction SE-II. 
Dashed-dotted line: unsymmetrical Eckart tunneling correction UE- 
II. In all cases, the imaginary frequency was obtained by the fitting of 
the Eckart function 8 to the results of the MP2/6-3nG(2d,2p) IRC as 
described in the text. 

Arrhenius plot can probably be attributed to the prediction of a 
too thin and sharp potential barrier, which results in the 
overestimation of tunneling, especially at low temperatures. This 
is not surprising given that the shape of the barrier predicted 
by unsymmetrical Eckart is more representative of large 
tunneling processes such as hcavy-light-heavy abstractions. 
These conclusions seem to be supported by the fact that Wigner 
and symmetrical Eckart tunneling corrections predict the right 
shape of the Arrhenius plot. It is well known that these tunneling 
con-ections work well in cases where the potential barriers are 
broad and tunneling is not so large. In addition, the improvement 
observed in the results of UE-II relative to UE-1 is an indication 
of how the fit of the unsymmetrical Eckart potential to the IRC 
in the vicinity of the transition state provides a better description 
of the shape of the potential at the top of the barrier. An in- 
depth study of the applicability and limitations of unsymmetrical 
Eckart tunneling con-ections in hydrogen abstractions is beyond 
the goal of this work. A more systematic study of this and related 
issues concerning tunneling will be addressed in a future 
publication. 

The Arthcnius expression k(T) = A exp(-EJRT) fitted to 
the rate constants computed with the Wigner tunneling correc- 
tion in the temperature range 250-400 K gives the Aixhenius 
parameters A = 2.5 x 10 '^ cm'-^ molecule" ' s ' and E-JR = 
690 K computed with the W-I method and /^ = 1.8 x 10 '^ 
cm ' molecule"^' s ' and E.,JR = 835 K computed with the more 
expensive method W-II. Both results are in good agreement with 
the experimental values" A = 2.4 x 10" '^ cm""-' molecule ' 
s ' and EJR = 900 K and result in rate constants within a factor 
of 2 of the experimental values over the range of atmospheric 
interest. Since the W-I method does not require a detailed 
knowledge of the reaction path, it is concluded that it may be 
the rnethod of choice for the screening tool proposed in this 
work. Table 7 lists the reaction rate constants computed at 250, 
298, and 400 K using the Aixhenius expression obtained with 
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TABLET: Summary of Rate Constants (cm'-molecule '-s ') 
Calculated at PMP4(SDTQ)/6-311++G(3df,3pd)//UMP2/ 
6-311G(2d,2p) Including the Wigner Tunneling Correction 

250 K 298 K 400 K 

/(•(theory, this work)" 1.6 x lO"'-'    2.5 x 10"'^    4.5 x IQ-" 
t(experimental,JPL1997)    0,7x10-"    1.2 x IQ-''    2.5x10-" 
/i:(theoiy)/A(experimentar)     2.3 2.1 1.8 

" Computed using the following Arrhenius expression: k^T) = 2.5 
X IQ-'^ exp(-690/7) fitted to the theoretical results obtained in this 
work in the temperature range 250-400 K. 

the W-I method as well as the corresponding experimental 
values. 

The results shown in Figures 2 and 3 as well as Table 7 seem 
to indicate that at least in the temperature range under sUtdy 
(250-400 K), rate constants computed at the PMP4/6-311++G- 
(3d,3pd)//MP2/6-311G(2d,2p) level using Wigner tunneling 
corrections provide a viable methodology for the implementation 
of the proposed screening tool in the case of hydrogen 
abstractions from haloalkanes by OH radicals. Preliminary 
studies^^ on several different hydrogen abstraction reactions 
involving OH and a series of halogenated substituted methanes 
CX„Y,„H4 .„-.„, (X = Cl, F, Br) support this conclusion. More 
cases should be included in this systematic study however before 
a final recommendation can be made. 

Conclusion 

Ab initio calculations were performed at different levels of 
theory for the H atom abstraction reaction between dibro- 
momethane and the hydroxyl radical. The geometry parameters 
for the reactants, products, and transition state were fully 
optimized at the MP2 level of theory with the 6-31 lG(d,p) and 
6-31 lG(2d,2p) basis sets. The transition structure parameter L, 
defined as the ratio between the increase in length of the C—H 
bond being broken and the elongation of the O—H bond being 
formed, changes only slightly with the basis sets. The calculation 
of the energetics of the reaction proved to be more dependent 
on the level of theory, and on the nature and extent of the basis 
set. A reaction barrier of 7.0 kJ mol~' is obtained at the highly 
correlated level CCSD(T)/6-31H-fG(3df,3pd)//MP2/6-311G- 
(2d,2p), in excellent agreement with the experimental value. 
Among the lower levels of theory explored in this smdy, the 
best agreement with these values was obtained at the PMP4- 
(SDTQ)/6-311-f+G(3df,3pd)//MP2/6-311G(2d,2p) level. The 
calculation of reaction rate constants over the temperature range 
250—400 K using Wigner tunneling corrections reproduces the 
shape of the experimental Arrhenius plot. It is found that the 
use of the unsymmetrical Eckart potential in the calculation of 
tunneling corrections gives reaction rate constants significantly 
higher than the experimental values. In addition, the predicted 
Arrhenius plot has the wrong shape. Even though tunneling 
corrections computed using the symmetrical Eckart potential 
leads to an Arrhenius plot with the right shape, it consistently 
predicts rate constants in poorer agreement with experiment than 
the ones obtained with the Wigner tunneling corrections. These 
results seem to suggest that PMP4(SDTQ)/6-31 l++G(3df,- 
3pd)//!y[P2/6-31 lG(2d,2p) calculations combined with Wigner 
tunneling corrections might be a viable methodology for the 
semiquantitative study of hydrogen abstraction reactions of other 
haloalkanes by OH radicals. It is important to note that the 
reasonable success of the Wigner tunneling corrections in these 
types of reactions should not be used to generalize the 
superiority of this method over more sophisticated techniques. 
Rather, these results should be critically analyzed in the context 

of the creation of a very computationally inexpensive screening 
tool that will allow the prediction of the atmosphere lifetimes 
of new chemical species. 
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Ab initio calculations have been performed for the H-atom abstraction reactions from a series of 12 halogenated 
methanes by the hydroxyl radical. Geometry optimization and vibrational fi^equency calculations were perfomied 
for reactants, transition states, and products at the MP2/6-311G(2d,2p) level of theory. Single-point energy 
calculations were carried out at the PMP4(SDTQ) level with both 6-31 lG(3df,2p) and 6-311++G(3df,3pd) 
basis sets. Canonical transition state theory with Wigner's tunneling correction was used to predict the rate 
constants as function of the temperature (250-400 K). It is found that the treatment of the kinetics of these 
reactions with the lower level of theory, PMP4(SDTQ)/6-31 lG(3df,2p)//MP2/6-31 lG(2d,2p), leads to results 
in good agreement with experimental values and suggests the possibility of using this methodology in the 
implementation of a theoretical tool that properly describes the kinetics of reactions such as hydrogen 
abstractions by OH radicals from partially halogenated organic compounds. 

Introduction 

In the first paper of this series' (herein referred to as paper 
I), we initiated an investigation regarding the feasibility of 
applying relatively inexpensive ab initio electronic stnicnire 
calculations together with canonical transition state theory, TST, 
leading to the generation of efficient and reliable computational 
tools that properly describe the kinetics of processes such as 
hydrogen-atom abstraction reactions by the hydroxyl radical 
from partially halogenated organic compounds. These reactions 
are of particular importance in the determination of the 
atmospheric lifetimes of compounds suggested as replacements 
for ftilly halogenated alkanes, widely used in industry. In light 
of the very large number of potential replacement compounds, 
and the need to select a few for more thorough evaluation, 
efficient computational screening methods are needed to help 
in establishing their environmental acceptability, along with 
other physical and chemical properties. Presently, there exists 
a wealth of reliable kinetic data on the reactions of OH with 
small haloalkanes.^ These data can be very valuable in the 
validation of computationally efficient theoretical tools for 
predicting the reactivity of larger haloalkanes and as a starting 
point for calculations on halogenated compounds containing 
additional functional groups. In this work, we extend our 
previous study of the reaction of OH with CH2Br2 to the set of 
monohalomcthanes (CHjF, CH3CI, and CHaBr), dihalomethanes 
(CH2F2, CH2FCI, CH2CI2, and CH2ClBr), and trihalomethanes 
(CHF3, CHF2CI, CHF2Br, CHFCI2, and CHCI3). Although a few 
ab initio studies of the reactivity of OH toward some fluoro- 
chloro-substituted methanes have been previously perfomied at 
various levels of theory,'"* we decided also to include these 
reactions in our study in order to provide additional insight into 
the search for the minimum level of theory required for a reliable 

* To whom concspondence .should be addressed. Fax: (301) 975-3672. 
E-mail: floui.s@Tiisl.gov (F.L.), carlos.gonzalez@nist.gov (C.A.G.). 

and efficient computational tool able to properly describe the 
kinetics of these and similar reactions. 

In our investigation of the reaction of OH with CH2Br2, we 
demonstrated that fiill optimization of the geometric parameters 
for all stationary points at the second-order Moller—Plesset 
peiturbation theory level, MP2, with the 6-311G(2d,2p) basis 
set was sufficient to provide reasonable values. Furthermore, 
in the calculation of the energetics of the reaction and the 
subsequent kinetic parameters, the best agreement with the 
experimental data was obtained by single-point calculations 
performed with the 6-311-H-G(3df,3pd) basis set employing 
unrestricted spin-projected second-order Mailer-Plesset per- 
turbation theory, PMP2/6-31 l-i-f-G(3df,3pd)//MP2/6-31 lG(2d,- 
2p), and fourth-order Moller-Plesset perftirbation theory, in the 
space of single, double, triple, and quadniple excitations, PMP4- 
(SDTQ)/6-31 l-l-fG(3df,3pd)//MP2/6-3IlG(2d,2p). In addition, 
a quite reasonable agreement for the value of the activation 
energy was obtained with the far less computationally intensive 
level of theory PMP4(SDTQ)/6-311G(3df,2p)//MP2/6-311G- 
(2d,2p). Even though these results are encouraging, it is clear 
that a more extensive study including more reactions is needed 
in order to assess the possibility of computing the kinetic 
parameters for H-atom abstraction by OH radicals with this 
relatively inexpensive level of theory. In this study, we compare 
the use of both PMP4(SDTQ)/6-311 G(3df,2p)//MP2/6-311G- 
(2d,2p) and PMP4(SDTQ)/6-3l l+-fG(3df,3pd)//MP2/6-31 IG- 
(2d,2p) levels of theory in the calculation of kinetic parameters 
for a set of mono-, di-, and tri-halomethanes, and the results 
are compared with the experimental kinetic data available in 
the literature.^ 

Computational Methods'' 

All calculations described below were earned out with the 
Gaussian 94''* suite of programs on a CRAYC90/6256 super- 
computer and a 32-processor Silicon Graphics Origin 2000 

I0.1021/jp001225z   This article not subject to U.S. Copyright.   Published 2000 by the American Chemical Society 
Published on Web 08/19/2000 
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TABLE 1:  Essential Structural Parameters," Imaginary Vibrational Frequencies for the Transition States of Eacii Reaction, 
and Internal Rotation Barrier of the -OH Group at the MP2/6-311G(2d,2p) Level of Theorj- 

/ 
\ ^..■•'' 

Y 

— HR 

treatment of 

/•(C-HR) /^O-H,0 G(OH„C) L" i-* (cm-') K„(k.lmo|-') VR„T(HO-H-C)'- 

CHiF 1.194 1.303 162,5 0.315 2094i 11.5 hamionic 

CH3CI 1.194 1.291 170.5 0.338 21821 6.9 hindered rotor 

CHiBr 1.195 1.288 171.4 0.347 21941 6,7 hindered rotor 

CH2F2 I.I 95 1.294 164.6 0.329 2236i 8,3 hindered rotor 

CH.FCl 1.191 1.294 162.1 0.326 22031 8,5 hindered rotor 

ClbCh 1.1S8 1.294 168.0 0.326 22191 4,4 hindered rotor 

CHzClBr 1.188 1.294 167.9 0,326 22241 4,6 hindered rotor 

CH^Br< 1.188 1.296 165.3 0,324 22001 5.5 hindered rotor 

ClIF, 1.215 1.246 166.9 0.460 25601 4.9 hindered rotor 

CHF2CI 1.200 1.271 164.6 0.376 23761 6,6 hindered rotor 

CHFzBr 1.195 1.281 162,8 0.352 23021 7,1 hindered rotor 

CIIFCI2 1.191 1.285 163.7 0.317 22621 7,3 hindered rotor 

CHCl) 1.184 1.295 172,7 0.317 22361 2,6 hindered rotor 

" Bond lengths r arc in angstroms, bond angles 0 in degrees; the hydrogen atom involved in Il- 
ls the ratio between the elongation value of the C-11 bond and the elongation value of the O- 
(5r(0-Il), '■ Low-frequency mode associated with the -OH rotation around the axis along the C 

■atom abstraction is noted HR, '' The parameter L 
-H bond in the transition state: L = (5r(C-H)/ 
-11 bond being broken. 

parallel computer, as discussed in our previous publication.' 
Fully optimized geometries, harmonic frequencies, and zero- 
point energy corrections (ZPE) of rcactants, transition structures, 
and products were calculated with the second-order Moller- 
Plesset perturbation theory (UMP2) using the 6-31 lG(2d,2p) 
basis set. Electron correlation was calculated with fourth-order 
IMoller-Plesset peiturbation theory in the space of single, 
double, triple, and quadruple excitations with full anihilation 
of spin contamination'' as implemented in the Gaussian 94 
package (noted in our results as PMP4). These single-point 
energy calculations were can-ied out with the 6-311 G(3df,2p) 
and 6-311 -l-l-G(3df,3pd) basis sets using geometries previously 
optimized at the MP2/6-31 lG(2d,2p) level. All relative energies 
quoted and discussed in this paper include zero-point energy 
corrections with unsealed frequencies obtained at the MP2/6- 
311G(2d,2p) level. 

As in paper I,' canonical transition state theory'" (TST) and 
tunneling corrections were used to predict the rate constants 
over the same range of temperatures as the experimental 
measurements (250-400 K). Accordingly, the rate constants, 
k(T), were computed using the following expression: 

reaction: 

OH + CH.Bi-j — HP CHBr, (Rl) 

we decided to adopt such methodology in the calculation of all 
tunneling corrections for the reactions reported in this work. 
As described in paper I.' the expression for Wigner's tunneling 
correction is given by 

FiT) = 1 + (2) 

KT) = r(r> 
k^T Q'^T) 

h gOH(7^^CHX^Z^^ expi (1) 

where e°"(7), C/'"^"''^(7^, and Q'^HT). are the total pattition 
functions for the hydroxyl radical, halomethane of type CHXYZ, 
and transition state respectively, at temperature T\ AE is the 
activation energy including zero-point energy and thennal 
coiTcctions to the internal energy; ku is Boltzman's constant, 
and h is Planck's constant. The total partition function of all 
species can be cast in temis of the translational (Q^j), rotational 
(Q^R), electronic (Q^c), and vibrational (Q^^) partition functions. 
In computing the electronic partition function for the OH radical, 
{2'^"e, the multiplicity of the states ^Iljn and ^FIi.^, and the 
energy gap of 139,7 cm"' between the levels," have been taken 
into consideration, r(7) in eq 1 indicates the corresponding 
tunneling correction at temperature T. Given the demonstrated 
success of the Wigner's tunneling correction in the ca.se of the 

where v* is the imaginary frequency at the saddle point and the 
other terms have the same meaning as in eq I, The rate constant 
calculations over the temperature range 250-400 K were carried 
out using the TURBO-RATE program,'^ 

Results and Discussion 

1. Geometry Parameters and Vibrational Frequencies. 
Table 1 lists the essential structural parameters calculated at 
the UMP2/6-311 G(2d,2p) level of theory for the transition states 
con-esponding to the 12 reactions under study. All other 
stnictural parameters as well as those for halomethanes, and 
halomethyl radicals, arc reported in the supplementaiy Tables 
1S-8S of the Supporting Information, For the species containing 
fluorine atoms, the observed trends suggest that the transition 
state becomes increasingly product-like as the number of F 
atoms increases. These results are reflected by the systematic 
increase of the parameter L, which is defined as the ratio 
between the increase in length of the C-H bond being broken 
and the elongation of the 0-H bond being formed, each with 
respect to its equilibrium value in the reactants and the products. 
This parameter characterizes the most important aspect of the 
geometric structure of the transition state. Values for this 
parameter are included in Table 1. By contrast, the opposite 
trend is observed in the case of Cl and Br substitution, where 
the L parameter decreases with the degree of halogen substitu- 
tion. For the 12 transition states, the eigenvector corresponding 
to the imaginary frequency was observed to be primarily a 
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TABLE 2: Calculated Reaction Enthalpies Arff, Arff(ISO), and Vibrationally Adiabatic Barriers at PMP4(SDTQ)/ 
6-31 lG(3df,2p)//MP2/6-311G(2d,2p) and PIVIP4(SDTQ)/6-311 ++G(3df,3pd)//MP2/6-311G(2d,2p) Levels of Theory 

ArW* Ar/ZCISO)"'' 
vibrationally 

adiabatic barrier" 

OH + CH3F PMP4(SDTQ)/6-31 lG(3df,2p) 
PMP4(SDTQ)/6-311++G(3df,3pd) 
literature'" 

-64.8 
-74.0 
-75.2 

-75.8 
-71.6 
-75.2 

16.1 
14.0 
12.5 

OH + CHjCl PMP4(SDTQ)/6-311 G(3df,2p) 
PMP4(SDTQ)/6-311++G(3df,3pd) 
literature'' 

-69.5 
-81.3 
-81.5 

-80.5 
-78.9 
-81.5 

14.7 
10.7 
11.6 

OH + CHjBr PMP4(SDTQ)/6-31 lG(3df,2p) 
PMP4(SDTQV6-311 ++G(3df.3pd) 
literature" 

-64.9 
-76.3 
-74.5 

-75.9 
-73.9 
-74.5 

15.5 
12.0 
12.2 

OH + CH2F2 PMP4(SDTQ)/6-31 lG(3df,2p) 
PMP4(SDTQV6-311++G(3df,3pd) 
literature" 

-63.2 
-70.4 
-67.5 

-74.2 
-68.0 
-67.5 

15.5 
14.9 
14.8 

OH + CH2FCI PMP4(SDTO)/6-31 lG(3df,2p) 
PMP4(SDTQ)/6-311++G(3df,3pd) 
literature'' 

-72.0 
-80.7 
-78.2 

-83.1 
-78.3 
-78.2 

13.1 
11.0 
11.6 

OH + CH2CI2 PMP4(SDTQ)/6-311 G(3df,2p) 
PMP4(SDTQ)/6-31 l++G(3df,3pd) 
literature" 

-82.9 
-92.5 
-96.8 

-93.9 
-90.1 
-96.8 

10.0 
6.7 
8.7 

OH + CHzClBr PMP4(SDTQ)/6-311 G(3df,2p) 
PMP4(SDTQ)/6-311 ++G(3df,3pd) 
literature" 

-81.0 
-90.7 
-89.3 

-92.0 
-88.3 
-89.3 

10.3 
7.3 
7.7 

OH + CHiBr, PMP4(SDTQ)/6-311 G(3df,2p) 
PMP4(SDTQy6-3l l++G(3df,3pd) 
literature" 

-79.1 
-88.7 
-81.6 

-90.1 
-86.3 
-81.6 

10.5 
7.9 
7.5 

OH + CHF., PMP4(SDT0)/6-3I IG(3df,2p) 
PMP4(SDTQy6-311++G(3df,3pd) 
literature" 

-41.5 
-48.7 
-54.0 

-52.5 
-46.3 
-54.0 

25.2 
24.3 
20.3 

OH + CHF2CI PMP4(SDTOV6-311 G(3df,2p) 
PMP4(SDTQ)/6-311++G(3df,3pd) 
literature" 

-61.0 
-68.7 
-76.6 

-72.0 
-66.3 
-76.6 

16,2 
14,5 
13.3 

OH + CHFzBr PMP4{SDTQ)/6-31 IG(3df,2p) 
PMP4(SDTQ)/6-311 ++G(3df,3pd) 
literature" 

-66.0 
-73.4 

-76.9 
-71.0 

13.9 
12.8 
11.6 

OH + CHFCI2 PMP4(SDTQ)/6-3l tG(3df,2p) 
PMP4(SDTQy6-311 ++G(3df,3pd) 
literature" 

-77.3 
-85.1 
-85.3 

-88.3 
-82.7 
-85.3 

10.1 
7.7 

10.4 
OH + CHCI3 PMP4(SDTQ)/6-31 IG(3df,2p) 

PMP4(SDTQ)/6-311 ++G(3df,3pd) 
literature" 

-93.7 
-101.0 
-107.1 

-104.7 
-98.7 

-107.1 

4.7 
1.9 
7.5 

" Units are kJ.mol"', ' Including the sum of thermal energies (AZPE + themial energy corrections). " Literature values based on the Aftf at 298 
K for reactants and products taken from supplementary Table 9S of the Supporting Infonnation. Experimental activation energies taken from ref 
2, and ref 14 for the activation energy of the reaction OH + Cl^ClBr. 

motion of the reactive hydrogen atom that is being transferred. 
The absolute values of the vibrational frequencies corresponding 
to these transition vectors are also reported in Table 1. 

Direct inspection of the TS low-frequency modes (given in 
Table 8S of the Supporting Infonnation) indicates that in all 
cases there are low-frequency modes consisting of an internal 
OH rotation about the nearly linear C—H—O axis. Given that, 
with the exception of the reaction of OH with CH3F, the banners 
for these rotations were sufficiently small (Table 1), these modes 
were treated as hindered rotors instead of a vibration. As 
explained in our first paper,' these modes were removed from 
the vibrational partition function for the TS, and the corre- 
sponding hindered rotor partition function QHR(T) calculated 
by the method devised by Ayala and Schlegel'-^ was included 
in the expression for the rate constant.' hi the case of the reaction 
of OH with CH3F, the rotational barrier was found to be large 
enough (11.5 kJ mol"' in Table 1) so the internal rotational 
mode was treated by the harmonic approximation. 

2. Reaction Enthalpies. Table 2 summarizes the re,sults for 
reaction enthalpies (A,H) at 298 K calculated directly using the 
difference between the electronic energy of products and 
reactants computed at the PMP4(SDTQ)/6-311 G(3df 2p)//MP2/ 
6-31 lG(2d,2p) and PMP4(SDTQ)/6-31 H-+G(3df,3pd)//MP2/ 
6-31 lG(2d,2p) levels of theory for the series of reactions OH 

+ CHXYZ (X, Y, Z = H, F, Cl, or Br). With the exception of 
the reaction OH + CHFaBr, the corresponding literature values 
are also listed for comparison purposes. Following a similar 
procedure to the one adopted in our earlier publication,' reaction 
enthalpies for the 12 reactions were also con-ected by new values 
of Z)2'js(H—CXYZ) computed at the both levels of theory 
proposed in this work, utilizing the following isodesmic 
reactions: 

CH, + CHXYZ - CH4 + CXYZ 

(X, Y, Z = H, F, Cl, or Br) (R2) 

The use of an isodesmic reaction, such as reaction R2, 
provides an indirect method that may lead to a more reliable 
value of the bond dissociation energy, mainly due to systematic 
cancellation of errors arising from insufficient treatment of 
electron correlation and incompleteness of the basis sets. In 
general, isodesmic reactions are characterized by having the 
same number and types of bonds on each side of the equation, 
so that the errors mentioned above are largely canceled when 
£'298(H—CHXYZ) is calculated. The reaction enthalpy for 
reaction R2 was computed at the same levels of theoiy as that 
for the abstraction reactions under study: 
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CHXYZ + OH -> CXYZ + HOH 
(X, Y, Z = H. F, Cl, or Br) (R3) 

Taking the experimental value of DjwiH-CH^) = 440 kJ 
mol ','■' we obtain calculated D2i)s(H-CXYZ) values at the 
various levels of theory used in this work. These /)29s(H- 
CXYZ) quantities were then used in the calculation of the 
reaction enthalpy for reactions R3 by means of the following 
relation: 

A,^(ISO) = D2,;s,(H-CXYZ) - D^g^iH-OE)      (3) 

Table 2 lists the different values of Ar//(ISO) for all the reactions 
under study, hi general, PMP4(SDTQ)/6-311G(3df,2p)//MP2/ 
6-311G(2d,2p) underestimates the experimental values of the 
heats of reactions by up to 15 k.I mol"' when computed by 
direct subtraction of the energies between products and reactants. 
A better agreement is obtained at the PMP4(SDTQ)/6-311++G- 
(3df,3pd)//MP2/6-31 lG(2d,2p) level of theory, where errors no 
larger than 7 k.I mor' arc obsen'cd. As observed in our previous 
work,' an excellent agreement with the results reported in the 
literature is obtained in the case of the heats of reactions 
computed using the isodesmic reactions shown in (R2). 

The results of Table 2 indicate an increase in the endother- 
micity of the reaction with the progressive substitution of H 
atoms by fluorine while the substitution by chlorine atoms leads 
to increased exothcrmicities. These trends can be explained by 
the relatively large o acceptor and 7i donor characters of fluorine 
when compared to chlorine and bromine. Thus, the interaction 
between two or more adjacent fluorine atoms stabilizes the 
tluoromethane. while similar interactions between chlorine 
atoms as well as between bromine atoms have a negligible 
stabilizing effect, hi addition, geminal interactions between 
fluorine and second and/or third row halogen atoms (Cl and 
Br) on the same halomethane lead to a weak stabilization."' 

3. Reaction Barriers. Table 2 shows the computed vibra- 
tionally adiabatic bairiers, VAB, for the 12 reactions under 
study. The following relation defines these baniers: 

VAB = Er E^ + ZPEj,- ZPEp (4) 

where Ejs and EK are the ab initio energies of the transition 
state and reactants, while ZPEis and ZPER are their correspond- 
ing zero-point energy corrections. The experimental activation 
energies, E.j, as reported in the literature are also listed in Table 
2 for comparison purposes. Overall, the agreement between the 
barriers computed at the PMP4(SDTQ)/6-311-I-+G(3df,3pd)// 
MP2/6-31 lG(2d,2p) and the recommended activation energies 
is reasonably good, with errors that range from 0,2 to 6 kJ mor'. 
It is interesting to notice that the errors obtained at the lower 
level PMP4(SDTQ)/6-31 lG(3df,2p)//MP2/6-311 G(2d,2p) range 
from 0.3 to 4.0 k.I mol '. These results arc encouraging in view 
of the fact of the considerable savings in computational expense 
when using the lower level. The results depicted in Table 2 
indicate that the VAB's increase with fluorine substitution while 
the coiTcsponding heats of reaction decrease. The opposite trend 
is observed in the case of chlorine and bromine substitution. 

4. Kinetic Parameters. Table 3 lists the Arrhenius A factor 
and EJR values obtained from fitting of the rate constants 
computed over the temperature range 250-400 K. Table 3 also 
shows the rate constants at 298 K, computed at the PMP4- 
(SDTQ)/6-311 G(3df,2p),//MP2/6-311 G(2d,2p) and PMP4(SDTQ)/ 
6-311 -l-+G(3df,3pd)//MP2/6-311 G(2d,2p) levels of theory. The 
experimental values recommended in the literature are shown 
in the same table. The ratios between the theoretical and the 
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experimental rate constants at 298 K are also reported in Table 
3. With the exception of the reaction of OH with trichlo- 
romethane (CHCI3), a reasonable agreement is observed between 
the theoretical and experimental values. The A factors computed 
at both levels of theory arc veiy close, and they are found to be 
within a factor of 1.0-2.5 of the values reported in the literature. 
It is interesting to notice that the values of EJR computed with 
the smaller basis set are closer to the experimental values 
(maximum deviation = 15.6%, average deviation = 9.4%) when 
compared to the corresponding EJR's computed with the larger 
basis sets (maximum deviation = 51.4%, average deviation = 
19.4%). The same trends are observed in the case of the reaction 
rate constants, where better agreements with the experimental 
values are obtained when using the smaller basis sets (see Table 
3). Even though not shown, it was found that the TST treatment 
of the 12 reactions under smdy, together with Wigner's tunneling 
correction, gives linear Antenius plots similar to the ones 
derived from experimental data over the same temperature range 
(250-400 K). Overall, these results are in good agreement with 
the fnidings reported in our previous paper' and suggest that 
PMP4(SDTQ)/6-31 lG(3df,2p)//MP2/6-31 lG(2d,2p) is a good 
compromise between accuracy and computational expense in 
the theoretical treatment of hydrogen abstraction reactions 
between OH radicals and halomethanes, Consequently, this 
seems to be the method of choice for computing rate constants 
within a factor of 2-3 with respect to the experimental values 
over the temperature range 250—400 K. 

The case of the abstraction reaction OH + CHCI3 requires 
special attention. Even though the kinetic parameters computed 
with the smaller basis sets are closer to the experimental values, 
larger deviations fi-oni the experimental values are observed 
compared to the results obtained for the other 11 reactions. This 
can be attributed to the fact that a relatively small activation 
barrier characterizes this reaction, and canonical transition state 
theory, TST, might not be entirely adequate. As indicated in 
Table 2, the activation energy is underestimated at both levels 
of theoiy used in this work. This amplifies the overestimation 
of the reaction rate constants by TST. This conclusion is 
confirmed by the fact that a significantly better agreement is 
obtained if the rate constant is computed without including 
tunneling corrections (see Table 3). In such cases, Variationa! 
transition state theory''' and more sophisticated models for 
tunneling corrections such as the ones developed by Trahlar's'^ 
and Miller's groups" seem to be the methodologies of choice. 
The results shown in Table 2 clearly indicate that these problems 
are more significant in the case of the chlorinated methanes 
CH.1CI, CH2CI2, and CHCI3, where the vibrationally adiabatic 
barriers are considerably low, in contrast to the corresponding 
values of their fluorinated counterparts (CH3F, CH2F2, and 
CHF3). In addition to these very important issues, it is aUso 
possible that the existence of the complex fornied in the entrance 
channel (not discussed in this work) could affect the energetics 
and kinetics of the reaction. Moreover, the optimized stiiictures 
obtained at MP2/6-31 lG(2d,2p) can be considerably different 
from the geomeh-ies of the corresponding stationary points 
(reactants, complexes, and transition states) in the PMP4(SDTQ) 
surfaces computed with the 6-311G(3df,2p) and 6-3II++G- 
(3df,3pd) basis sets. This could explain why a decrease in the 
barriers is observed when chlorine substitution increases, in 
contrast to the trend found in the case of the fluorinated species. 
However, careful examination of the hydrogen-atom abstraction 
reactions under stody (results not shown) indicates that similar 
trends in the energetics are observed at the UMP2/6-31IG(2d,- 
2p) and PMP4,/6-31 lG(3df,2p)//UMP2/6-31 lG(2d,2p) levels of 
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TABLE 3: Summary of Kinetic Parameters Calculated at PMP4(SDTQ)/6-311G(3df,2p)//MP2/6-3nG(2d,2p) and 
PIVIP4(SDTQ)/6-311 ++G(3df,3pd)//MP2/6-3nG(2d,2p) Levels of Theory Including Wigner Tunneling Correction 

E,/R (K) 4,10- 
A-(theory,298 K). 

,0-15" 
{/c(theory)/ 

A(exptl)| (298 K) 

OH + CHjF PMP4(SDTQ)/6-311 G(3df,2p) 1585 1.9 9.3 0.5 
PMP4(SDTQ)/6-311 ++G(3df.3pd) 1340 1.9 21 1.1 
literature'' 1500 3.0 20 

OH + CH3CI PMP4(SDTOy6-31 lG(3df,2p) 1500 5.7 37 1.0 
PMP4(SDTQ)/6-311 ++G(3df,3pd) 1015 5.7 189 5.3 
literature'' 1400 4.0 36 

OH + CHjBr PMP4(SDTQ)/6-31 lG(3df,2p) 1610 5.4 24 0.8 
PMP4(SDTQy6-311 ++G(3dr,3pd) 1190 5.4 100 3.4 
literature'' 1470 4.0 29 

OH + CH2F2 PMP4(SDTQ)/6-31 lG(3df,2p) 1680 4.8 17 1.7 
PMP4(SDTQ)/6-311++G(3df,3pd) 1595 4.8 23 2.3 
literature* 1550 1.9 10 

OH + CH2FCI PMP4(SDTQ)/6-311 G(3df,2p) 1415 3.9 34 0.9 
PMP4(SDTQ)/6-311 ++G(3df,3pd) 1160 3.9 80 2.1 
literature'' 1270 2.8 39 

OH + CH2CI2 PMP4(SDTQy6-31 lG(3df.2p) 905 2.4 115 1.0 
PMP4(SDTQy6-311 ++G(3df3pd) 510 2.4 433 3.9 
literature'' 1050 3.8 110 

OH + CHzClBr PMP4(SDTOy6-31 lG(3df,2p) 945 2.2 92 0.9 
PMP4(SDTQy6-311 ++G(3df,3pd) 590 2.2 304 3.0 
literature'' 930 2.3 100 

OH + CH2Br2 PMP4(SDTQy6-311 G(3df,2p) 995 2.5 89 0.75 
PMP4(SDTQy6-311++G(3df,3pd) 690 2.5 247 2.1 
literature* 900 2.4 120 

OH + CHF3 PMP4(SDTQy6-311 G(3df,2p) 2745 2,0 0.20 0.7 
PMP4(SDTQy6-311 ++G(3df,3pd) 2640 2.0 0.28 1.0 
literature'' 2440 1.0 0.28 

OH + CHF2CI PMP4(SDTQy6-31 lG(3df.2p) 1740 1.6 4.7 1.0 
PMP4(SDTQy6-311 ++G(3df.3pd) 1540 1.6 9.1 1.9 
literature'' 1600 1.0 4.7 

OH + CHFiBr PMP4(SDTQy6-31 lG(3df,2p) 1505 1.5 10 1.0 
PMP4(SDTQy6-311 ++G(3df,3pd) 1375 1.5 15 1.5 
literature'' 1400 1.1 10 

OH + CHFCI2 PMP4(SDTQy6-311 G(3df,2p) 1055 1.5 44 1.7 
PMP4(SDTQy6-311 ++G(3df,3pd) 765 1.5 115 4.4 
literature' 1250 1.7 26 

OH + CHCI3 PMP4(SDTQy6-311 G(3df,2p) 345(855) 0.9 (0.9) 283(51) 2.9 (0.5) 
PMP4(SDTQy6-311 ++G(3df,3pd) 10(515) 0.9 (0.9) 870(160) 8.9(1.6) 
literature' 900 2.0 98 

"Units are cm'Tnolecule-'-s"'. 'Literature values are taken from ref 2 and ref 14 for the reaction OH + CH2CIBr. Values in parentheses 
correspond to the kinetic parameters without tunneling correction. 

theory. The decrease in the bairier height with chlorine 
substitution has also been obsei-ved by Rayez et al. in an ab 
initio study of the H-atom abstraction of a series of halomethanes 
by chlorine atoms.^^ 

Regardless of these problems, the use of PMP4(SDTQ)/6- 
311G(3df,2p)//MP2/6-311G(2d,2p) in the case of OH + CHCI3 
provides a rate constant that is approximately 3 times the 
experimental value, which may be adequate for lifetime estima- 
tions suitable for use in screening environmental acceptability 
of proposed industrial compounds. 

Conclusions 

In this study, we have confirmed our previous observation 
that calculations at the UMP2 level of theor>' with the 6-31IG- 
(2d,2p) basis set provide reliable values of the geometric 
parameters in the case of hydrogen-atom abstraction reactions 
of halomethanes by OH radicals. Calculated reaction enthalpies, 
as before, depend on the level of theor>', but were all within 
0.2-15 kJ mol"' when computed by direct subti-action of the 
energies between products and reactants, and 0.1 —10 kJ mor' 
when isodesmic corrections were applied. The calculated 
kinetics of the reactions, which depend strongly on the calculated 
energetics, also differed for the two levels of theory tested. 
Surprisingly, the calculations at the lower level of theory, the 

PMP4(SDTQ) method with a 6-31 lG(3df 2p) basis set, appear 
to produce kinetic results which are in better agreement with 
experiment as those derived from calculations at the more 
computationally intensive PMP4(SDTQ) method with the 
6-311 -f-fG(3df,3pd) basis set. Indeed, for this limited reaction 
set the calculated activation energies appear to be somewhat 
better for the lower level of theoiy. It would appear that the 
lower level provides a fortuitous but systematic cancellation of 
errors (probably resulting from a balance between basis set size 
and peiturbation theory) that leads to better kinetic parameters 
in the case of hydrogen-atom abstraction reactions between OH 
radicals and halomethanes. This is a quite encouraging result, 
since it suggests that this less computationally intensive approach 
may be adequate in the creation of a screening tool for the 
environmental acceptability of new chemical compounds. 

It is important to point oxit that in this project we are not 
developing new theoiy; nor are we attempting to adjust the 
theory to fit experimental data. We are applying conventional 
theoretical methodologies in order to build a screening tool, 
which will allow the estimation of the reactivity of new 
molecules toward the hydroxyl radical, leading to the systematic 
estimation of the atmospheric effects of these molecules. Further 
refinements in theoretical methods leading to faster and accurate 
calculations should allow additional improvement in this tool. 
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In particular, better approximations whicli lead to the efficient 
calculation of accurate tunneling correction factors as well as 
the efficient use of variational transition state theory in reactions 
characterized by low barriers seems to be of critical importance. 
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Table   6S:   Calculated   MP2/6-311G(2d,2p)   vibrational   frequencies   (in   cm')   for 

halomethanes 

Species 
CH3F 

CH3CI 

CHjBr 

CH,F, 

CH.FCi 

CHjClz 

CHjClBr 

Vibrational frequencies (cm ) 

1090,1223,1223,1531,1535,1535, 3099, 3192, 3192 
1049, 1182, 1182, 1464, 1467, 1467, 2965, 3006, 3006^) 
751, 1048, 1048, 1411, 1513, 1513, 3132, 3240, 3240 
732,1017, 1017.1355,1455, 1455. 2968, 3054, 3054^) 
631, 986, 986, 1365, 1507, 1507, 3135, 3248, 3248 
611, 955. 955, 1306, 1443, 1443. 2935. 3056, 3056 b) 
538,1147,1149,1215,1316,1524,1571, 3125,3208 
530.1090. 1116, 1176,1262, 1435,1508, 2949, 3013 °) 
387, 767, 1024, 1108,1283,1407, 1536, 3159, 3244 
385, 760. 1004, 1068, 1236, 1351, 1470. 2993. 3048 (^) 
289, 723,780,916,1198,1310,1485, 3180, .3262 
282, 717.758. 898,1153, 1268, 1467. 2999, 3040 °) 
231,625,758, 871,1173,1274,1472,3181,3268 
229, 614, 744. 852,1128, 1231,1482, 3003, 3066 b)   , 

CHF3   .511,511,703,1158,1189,1189,1440,1440,3222 
.508. 508.700. 1137, 1152, 1152. 1376. 1376, 3035 ") 

CHF2CI       370,414, 600, 814, 1135,1167, 1357. 1408, 3217 
400. 417, 598, 812, 836, 1108. 1312. 1350. 3024 a) 

CBFiBr       319,325,583,725,1129,1163,1332,1403,3212 

CHFCI2       281, 371,460, 742, 814, 1119, 1276,1359, 3221 
270, 368, 455. 741. 806 1079, 1242, 1313, 3023 ^) 

CHCls 265, 265, 372, 675, 782, 782, 1252,1252, 3233 
 261,261. 363. 680, 774. 774, 1220. 1220, 3034^)  
The experimental values of the vibrational frequencies are in itahcs. These values are taken 

from'>ref. lS,'')ref.2S 
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Table   7S:   Calculated   MP2/6-311G(2d,2p)   vibrational   frequencies   (in   cm')   for 

halomethyl radicals 

Species Vibrational frequencies (cm"') 
CHjF 693,1192,1210,1518,3196,3356 

1163, inoa) 
CHjO 272,843,1028,1460,3240,3347 

827. 1391 a) 
CHjBr 246,717,954,1431,3239,3395 

368.693.953.1356 a) 
CHFV '5"5y;i672;Ti9i;i2ioVY38f^^^^^^^  " ■  

1164,1173.1317 a) 
CHFCl        412,770,881,1191,1339,3242 

757,        1151.1283 a) 
CHCI, 311, 546, 773,898,1273,3285 

902,1226 o) 
CHCIBr      250, 513, 690, 864,1245, 3281 

866.1196 o) 
CF3     434,434. 60", 955, ll 14, 1114~ " 

500. 500. 701. 1090, 1259. 1259 b) 
CF2CI    370, 426, 608, 779, 1181, 1251 

599. 761.1148.1208 a) 
CFiBr 316, 333, 591, 696,1176, 1240 

684.1138.1198 a) 
CFCI2  : 288, 386, 477. 619, 918, 1194 

747. 919.1143 a) 
CCI3    254,254,360,469,827,827 

240, 240, 450, 460. 898, 898 b) 
The experimental values of the vibrational frequencies are in italics. These values are taken 

from*^ref. SS.'^ref. IS 
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Table 8S: Calculated MP2/6-311G(2d,2p) vibrational frequencies (in cm"') for.transition 

states 

Species 
OH + CH3F 

OH + CH3CI 

OH + CHsBr 

OH + CH2F2 ■ 

OH + CH2FCI 

OH + CH2CI2 
OH + CH2ClBr 
OH + CHF3 
OH + CHF2CI 
OH + CHF2Br 
OH + CHFCI2 
OH + CHCI3 

Vibrational frequencies (cm"l) 
2094i, 126,177, 263, 728, 900, 1118, 1187, 1281, 1310, 1514, 1574, 3135, 3235, 
.3817 
21821, 44, 117, 261, 707, 757, 853, 1026, 1150, 1260, 1454, 1481, 3167, 3267, 
3814 
2194i, 12, 104, 263, 641, 696, 832, 968, 1118, 1245, 1421, 1468, 3171, 3271, 
3813 

■■'2236Y,'98r7V5ri65r527;'655;"87T,'^^^^^^^^^ 
■3817 
22031, 94, ni, 169, 391, 584, 824, 859, 1036, 1126, 1324, 1335, 1552, 3198, 
3814 
22191, 77, 95,164,290, 554,734, 790, 841,977,1245,1302, 1434, 3219, 3812 

. 22241,8S, 92.161.233, 522, 649. 775, 816, 967,1218.1305,1403, 3221, 3810 _ 
25601, 81,124,126,441. 512, 522, 750, 886,1141,1159,1250, i2'74,' 1552, 3816 " 
23761, 78, 90, 131, 366, 388, 454, 627, 876. 920, 1147, 1166, 1223, 1527, 3815 
23021, 76,82, 132, 317, 325, 397, 597, 869, 885, 1145, 1165, 1223, 1525, 3814 
22621,78,709,116,276,376,385,509,850,855.892, 1112, 1127, 1531,3813 
22361,15, 91, 100, 269, 269, 326,481, 727. 815, 827, 880. 1091, 1405, 3811 

Vibrational frequencies indicated in italics correspond to the hindered rotation of the -OH 

group 
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Table 9S: Literature enthalpy values used 

Compound A^°(298K), kJ mol' Reference 

OH 
KjO 

39.349 ±0.210 
-241.826 ±0.040 

4S 
5S 

CH3 
CH4 

147.0 ±1.0 
-74.48 ±0.4i 

6S 
7S 

CH,F 
CHjF 

-32.0 ± 8.0 
-238.0 ± 8:0 

8S 
9S, estimated 

CHjCl 
CH3CI 

117.3 ±3.1 
-82.38 ± 0.67 

lOS 
9S, estimated 

CHiBr 
CHaBr 

169.0 ± 4.0 
-37.7 ±1.5 

11s 
12s 

CHFi 
CH,F, 

-239.0 ± 4.0 
-452.7 ±0.8 

8S 
9S 

CHFCl 
CH,FC1 

-61.0 ±10.0 
-264.0 ±8.0 

US 
13 S, estimated 

CHClj 
CHjClj 

89.0 ±3.0 
-95.4 + 0.8 

lOS 
9S 

CHCIBr 
CHjClBr 

146.9 ±6.3 
-45.0 ±8.0 

15S, estimated 
14S, estimated 

CFj 
CHF3 

-465.7 ±2.1   . 
-692.9 ±2.1 

16S 
16S 

CFjCl 
CHFjCI 

-279.0 ± 8.0 
-484.8 

17S 
13S, estimated 

CFjBr 
CHF^Br -425.3 ± 0.9 

No Data Available 
18S   . 

CFCl^ 
CHFClj 

-89.1 ±10.0 
.285.0 ± 9.0 

11s 
13S, estimated 

CCI3 
CHCI3 

71.1 ±2.5 
-102.9 ± 0.8 

19S 
9S 
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INTRODUCTION 

The decision to phase out the use of halons due to their role in stratospheric ozone loss 
has led to accelerated efforts to find "environmentally friendly" replacements. Thus, the 
need has arisen for an efficient means to evaluate the large suite of proposed alternatives 
for environmental acceptability. In particular, this means obtaining one of the most 
important pieces of information relating to the atmospheric fate of volatile species: the 
reactivity towards the hydroxyl radical. The reaction with tropospheric OH typically 
controls the atmospheric lifetime of many substances and is thus a starting point in the 
evaluation of its acceptability. Carrying out laboratory measurements on all the proposed 
replacements is an expensive proposition, made worse by the fact that many of the 
compounds would have to be synthesized and provided in sufficient purity for kinetic 
measurements. Clearly, the development of screening tools capable of predicting the 
properties important in assessing environmental persistence would be beneficial to this 
process. 

STATEMENT OF THE PROBLEM 

Over the years, various structure-activity relationships have been used to estimate rate 
constants for chemical reactions, including those of the hydroxyl radical. These usually 
require a substantial amount of data on a suite of chemicals in order to provide reliable 
predictions for similar compounds. The magnitude and difficulty of this task is illustrated 
by the results of studies on hydrofluoroethers. Normally, it has been assumed that the 
presence of an ether linkage decreases the bond strength of adjacent C-H bonds and, thus, 
increases their reactivity. In comparing fluoroalkanes and the corresponding 
fluoroethers, however, both activation and deactivation are observed (Figure 1). [1] An 
analysis of these results has not revealed any consistent pattern, suggesting that 
experimental kinetic studies for many more fluoroethers would need to be conducted. 
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Figure 1. Graph of the relationship between the reactivity of OH towards 
fluoroalkanes and fluoroethers. [1] 

Rather than taking this brute force approach, we have decided to explore the possibility 
of applying fundamental theory to the problem of predicting reactivity. We initiated a 
systematic study of the application of ab initio electronic structure calculations combined 
with transition state theory to the kinetics of hydrogen-atom abstractions by hydroxyl 
radicals. The objective was to develop efficient and reliable computational chemistry 
"screening tools" useful in predicting the fate of halon replacements once they are 
released into the atmosphere. 

DEVELOPMENT OF METHODOLOGY 

The initial study [2] focused on the reaction: 

OH + CH2Br2 -^H20 + CHBr2 

Dibromomethane was chosen both because there are reliable experimental kinetic data 
available and because bromine is an important element in fire suppression. Further, the 
relatively large electronic system associated with the bromine atom makes this a stringent 
test of the proposed quantum chemical methodologies. 



Ab initio calculations were carried out with MoUer-Plesset second and fourth order 
perturbation theory (MP2 and MP4), and the coupled cluster method, in the space of 
singles, doubles and triple electronic excitations, CCSD(T). Full geometry optimization 
and vibrational frequency calculations at the MP2 level were performed on reactants, 
products and the transition state using the 6-31 lG(d,p) and 6-31 lG(2d,2p) basis sets. 
The geometry parameters optimized at the MP2/6-31 lG(2d,2p) level of theory were used 
in single-point energy calculations with increasing basis set sizes, from 6-311G(2d,2p) to 
6-311++G(3df,3pd) at both the MP2 and MP4(SDTQ) levels of theory. Canonical 
transition state theory was used to predict the rate constants as a fiinction of the 
temperature (250-400 K) making use of the expression: 

^TS/T^ f        AT?   ^ 

k(T)=r(T)xM._|_SL_.exp AE 

V   knT, 

where: Q^^ (T), Q°"(T) and Q^"'(T) are the total partition fiinctions for the transition 
state, hydroxyl radical, and the haloalkane at temperature T; AE is the activation energy 
including thermal corrections to the internal energy and zero-point energy; ke is 
Boltzman's constant; and h is Planck's constant. r(T) in the equation indicates the 
corresponding tunneling correction at temperature T. 

Three different expressions were tested for the tunneling correction: the closed-form 
approximation by Wigner; and calculations based on the symmetrical and unsymmetrical 
Eckart potentials. These three expressions were then applied in two different ways to 
obtain r(T). The first approach is the normal way in which these corrections are 
calculated, making use of the imaginary frequency, v*, calculated at the same level of 
theory as the forward and reverse reaction barriers. In the second approach, the reaction 
path was calculated by the intrinsic reaction coordinate (IRC) algorithm and fit to the 
Eckart potential in the region of the transition state. In this case, v* was an adjustable 
parameter in the fit. 

The results of these fits for the reaction of OH with CH2Br2 are shown in Figures 2 and 3. 

It is clear that calculations with the unsymmetrical Eckart freatment for tunneling not 
only do not reproduce the magnitude of the rate constants well, they do not even 
reproduce the shape of the Arrhenius plot. Interestingly, the best fits are obtained when 
the Wigner correction is utilized. Although excellent agreement with experiment is 
obtained when the imaginary frequency was derived from a fit to the IRC, reasonable 
agreement, within a factor of two, was obtained when v* was obtained directly from the 
transition state calculations. This is a considerably less expensive approach and will be 
employed in the subsequent calculations. 
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Figure 2: Temperature dependence of 
the rate constants for the reaction of 
CH2Br2 with OH computed at PMP4 
(SDTQ)/6-31 l++G(3df,3pd)//MP2/6- 
31 lG(2d,2p) using the imaginary 
frequency computed at the MP2/6- 
31 lG(2d,2p) level. Solid line: Wigner 
tunneling correction; short dashed line: 
symmetrical Eckart tunneling correction; 
and dash-dotted line: unsymmetrical 
Eckart tunneling correction. [2] 

Figure 3: Temperature dependence of 
the rate constants for the reaction of 
CH2Br2 with OH computed at PMP4 
(SDTQ)/6-31 l++G(3df,3pd)//MP2/6- 
311G(2d,2p). Solid line: Wigner 
tunneling correction; short dashed line: 
symmetrical Eckart tuimeling correction; 
and dash-dotted line: unsymmetrical 
Eckart tunneling correction. In all cases, 
the imaginary frequency was obtained 
by the fitting of the Eckart function to 
the results of the MP2/6-311G(2d,2p) 
IRC. [2] 

In the second phase of the project, kinetic parameters were calculated for a series of 
twelve partially halogenated methanes for which reliable experimental data exist. [3] 
Following the results for dibromomethane, geometry optimization and vibrational 
frequency calculations were performed for reactants, transition states and products at the 
MP2/6-31 lG(2d,2p) level of theory. Single-point energy calculations were carried out at 
the PMP4(SDTQ) level with both 6-31 lG(3df,2p), and 6-311++G(3df,3pd) basis sets. 
Then, canonical transition state theory with Wigner's tunneling correction was used to 
predict the rate constants as function of temperature. The results of these calculations at 
298K are presented in Figure 4. 
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Figure 4. Comparisonof experimental and calculated rate constants. Open symbols, 
PMP4(SDTQ)/6-311G(3df,2p); closed symbols, PMP4(SDTQ)/6-311++G(3df,3pd). 
Circles, monosubstituted; triangles, disubstituted; squares, trisubstituted. 

Interestingly, the rate constants calculated with the smaller basis set were found to be in 
better agreement with experiment that those calculated with the larger basis set. The A- 
factors computed at both levels of theory are very close, and they are found to be within a 
factor of 1.0 - 2.5 of the values reported in the literature. As with the rate constants at 
298K, the values of Ea/R computed with the smaller basis set are closer to the 
experimental values (max. deviation = 15.6 %, average deviation of 9.4%) when 
compared to the corresponding Eg/R's computed with the larger basis sets (max. 
deviation = 51.4%, average deviation = 19.4%). Overall, these results suggest that 
PMP4(SDTQ)/6-311G(3df,2p)//MP2/6-311G(2d,2p) is a good compromise between 
accuracy and computational expense in the theoretical treatment of hydrogen abstraction 
reactions between OH radicals and halomethanes, possibly as a result of a systematic 
cancellation of errors between the convergence rate of the perturbation theory and the 
size of the basis sets used. 

APPLICATION OF METHODOLOGY 

hi the third phase of the project, we have calculated rate constants for a series of 
bromine-containing halomethanes for which experimental data do not exist. [4] These 
calculations have resulted in the following rate constants at 298K: 



Bromoalkane kx lO'^cm^s"' 
CHzFBr 3.0 
CHFBr2 10.0 
CHFClBr 6.8 
CHClzBr 26 
CHClBr2 35 

In general, we consider these rate constants to be accurate to within a factor of two to 
three, although it was apparent from the set of 12 halomethanes originally tested that the 
level of agreement with measurements worsened with increasing reactivity. From the 
point of view of a screening tool, this is not a problem since these reactions are already 
quite fast and hence environmental persistence is diminished. 

Finally, the reason we started this project was the difficulty in rationalizing the behavior 
of the hydrofluoroethers by simple structure-activity concepts. Therefore, we have 
carried out some preliminary calculations on the reactions of three selected ethers and 
their corresponding alkanes. These calculations are not yet complete in that we have not 
yet applied hindered rotor corrections to the transition state partition functions, nor have 
we taken into account all possible rotational conformers. Yet the calculations are 
sufficient to ascertain if this level of theory will correctly predict the observed reactivity 
patterns. Below we present the ratio of the rate constants for the alkane relative to those 
ofthe ethers at 298K: 

Ethane/Ether Theory      Experiment  

CH3CF3/ CH3OCF3 14.3 10.0 
CHF2CF3/ CHF2OCF3 0.3 0.2 
CHF2CHF2/CHF2OCHF2 0.2 0.4 

These results demonstrate that this basic approach is a viable method of predicting the 
reactivity of new functional groups towards the hydroxyl radical and thus can form a 
component of a screening tool for the environmental acceptability of proposed fire 
suppressants. 

CONCLUSIONS 

These studies have been quite successful and we have been able to demonstrate that a 
relatively reasonable level of theory is sufficient to predict rate constants to a degree of 
accuracy sufficient for a screening tool. These full transition state calculations are still 
difficult, however, for larger systems. Therefore, we have been exploring additional 
strategies for the prediction of rate constants. Since the thermodynamics are far easier to 
calculate than reaction kinetics, we have begun looking into applying the simple 
relationship between rate constant and reaction enthalpy and the rate constant embodied 
in the Evans-Polanyi equation. We have found that there is a simple quadratic 
relationship between the logarithm ofthe rate constant and the calculated reaction 



enthalpy for the halomethanes. It remains to be seen if we can make this concept work 
beyond a simple homologous series. 
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Ab initio PMP4(SDTQ)/6-31 lG(3df,2p)//MP2/6-31 lG(2d,2p) calculations, together with canonical transition 
state theory, were used in order to compute the energetics and predict the kinetics (in the temperature range 
250—400 K) of the H atom abstraction reaction between the hydroxyl radical and the five halomethanes: 
CHiFBr, CHFBrj, CHFClBr, CHCbBr, and CHClBrj. The procedure adopted in this study has been discussed 
and validated in our previous two publications (Louis, F.; Gonzalez, C. A.; Huie, R. E.; Kurylo, M. J. J. 
Phys. Chem. A 2000, 104, 2931. Louis, F.; Gonzalez, C. A.; Huie, R. E.; Kurylo, M. J. J. Phys. Chem. A 
2000, 104, 8773.). In the present work, this computational procedure is extended to develop relations of the 
Evans—Polanyi type, which provide an alternate method to predict rate constants for other reactions where 
computational expense becomes a limiting factor. In addition, rate constants computed at 277 K were used 
in the estimation of the atmospheric lifetimes for the five halomethanes. The validity of these results is also 
discussed. 

Introduction 

In the first two papers'-^ of this series (herein referred to as 
Paper [' and Paper IP), we presented an exhaustive and 
systematic study regarding the feasibility of applying relatively 
inexpensive ab initio electronic stnicture calculations together 
with canonical transition state theory, TST, leading to the 
generation of efficient and reliable computational tools that 
properly describe the kinetics of hydrogen-atom abstraction 
reactions by the hydroxyl radical from partially halogenated 
organic compounds. As explained in our previous work,''^ these 
reactions are of particular importance in the determination of 
the atmospheric lifetimes of compounds suggested as replace- 
ments for fully halogenated alkanes, widely used in industry. 

By using a validation set of 13 hydrogen-atom abstraction 
reactions between the hydroxyl radical and a series of halom- 
ethanes of type CHXYZ, (X = F, Cl, or Br), we found that the 
relatively inexpensive level of theory PMP4(SDTQ)/6-311G- 
(3df,2p)//MP2/6-311G(2d,2p) combined with TST and the 
simple Wigner's tunneling correction formalism predicts kinetic 
parameters in quite reasonable agreement with the experimental 
data.^ This can be appreciated by inspecting the results presented 
in Figure 1, where the temperamre dependence of the ratio ^iheorv/ 
^experiment in the range 250—400 K is shown for the thirteen 
reactions included in the validation set of Paper II.- As can be 
seen in this plot, even at low temperanires, most of the computed 
rate constants deviate from the corresponding experimental 
values by no more than a factor of 2. The only exception is the 
reaction OH + CHCI3, where the predicted rate constants lie 
within a factor of 2 at 400 K and 4 at 250 K with respect the 
experimental results. As discussed in Paper 11,^ this is not 
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Figure 1. Evolution of the ratio ^thcoiy/^cxpcnmcnt over the temperature 
range 250—400 K for the validation set of thirteen H atom abstraction 
reactions, a: CH3F. b: CH3CI. c: CHjBr. d: CH2F2. e: CH2FCI. f: 
CH2CI2. g: CH2ClBr. h: CH2Br2. i: CHF3.J: CHF2CI. k: CHF2Br. 1: 
CHFCl2.n1: CHCI3. 

surprising, given the low barrier this reaction exhibits, making 
the assumptions used by the canonical transition state theory 
questionable. The previously observed''^ reliability of the 
theoretical procedure used in this work can be attributed to a 
fortuitous but systematic cancellation of errors between the 
Moller-Plesset perturbation theory and the truncated basis sets 
employed. In Papers I and II, it was also shown that Wigner 
tunneling corrections predict Arrhenius plots in better agreement 
with experiment in the case of H atom abstractions fi-om 
halocarbons by OH radicals, while an unsymmetrical Eckart 
correction leads to Arrhenius plots with the wrong shape. As 
explained in Paper 1, these results can be explained by the 
significantly wide barriers exhibited by this class of reactions, 
for which the Wigner tunneling fonnulation seems to be a better 
model compared with Eckart's treatment. On the basis of these 
very encouraging results, we have recommended this methodol- 
ogy as a de facto computational procedure for a "screening tool" 
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that can be used to help in establishing the environmental 
acceptability of partially halogenated organic cotnpounds. 

In this work, vvc apply the same methodology recommended 
in Paper 11 to compute the energetics and kinetic parameters of 
the following five H atom abstraction reactions: 

OH + CHjFBr—H20 + CHFBr (Rl) 

OH + CHFBr2 — HjO + CFBr, (R2) 

OH + CHFClBr — HP + CFClBr (R3) 

OH + CHCUBr — H^O + CCUBr (R4) 

OH + CHClBr, — H^O + CClBr^ (R5) 

The main goal of this study is to utilize our theoretical procedure 
to provide Arrhenius parameters for these reactions. This is 
particularly relevant in view of the lack of experimental data 
available for these reactions, with the exception of OH + CHCb- 
Br for which the rate constant has been only incasured at 298 
K.^ These reactants all contain bromine, which is a chemically 
active fire suppressant agenf* and are thus potential halon 
replacements (ref 1 from Paper I). To our knowledge, no 
theoretical calculations dealing with the thermochemistiy and 
kinetics of these reactions have been reported previously. 

In this study we arc also extending our computational 
approach to the problem of estimating these rate constants to 
include computationally less expensive methods. Specifically, 
wc have explored predictive schemes, based on the enthalpies 
of the reactions, calculated at the same level of theory wc have 
applied to the kinetics. Enthalpy calculations are much easier 
to carry out and lower levels of theory may possibly be adequate. 
We explore this approach now in anticipation of the difficulties 
we may face in calculating rate constants for larger molecules. 

Computational Methods'" 

All calculations described below were carried out with the 
Gaussian 94'''' suite of programs on a Cray C90/6256 super- 
computer and a 32-processor Silicon Graphics Origin 2000 
parallel computer. Details with the methodology used in the 
present calculations have been discussed elsewhere.'-- Briefly, 
fully optimized geometries, harmonic frequencies, and zero- 
point energy corrections, ZPE, of reactants, transition stmctures, 
and products were computed with the second-order Moller— 
Plesset perturbation theoiy, UMP2, using the 6-311 G(2d,2p) 
basis set. Electron correlation was calculated with the fourth- 
order Meller—Plesset perturbation theory in the space of single, 
double, triple, and quadruple excitations with ftill annihilation 
of spiii contamination,^' PMP4(SDTQ). These single-point 
energy calculations were carried out with the 6-311G{3df2p) 
basis set using the geometries previously optimized at the MF2/ 
6-31 lG(2d,2p) level. All relative energies quoted and discussed 
in this paper include zero-point energy corrections with unsealed 
frequencies obtained at the MP2/6-311G(2d,2p) level. 

Rate constants, k(T), were computed using the following 
transition state theory expression:' 

k{T) = TiT} 
kj Q'\T) 

gOiyy^^CHXYZ^T^-^'^Pi (1) 

where QP\T), Q^^^^'^^T), and Q^HT) are the total partition 
functions for the hydroxyl radical, halomethane of type CHXYZ, 
and transition state respectively at temperature T; AE is the 
activation energy including zero-point energy corrections; AB 
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is Boltzman's constant, and h is Planck's constant. For all 
species, the total partition function can be cast in terms of the 
translational (Q^T), rotational (QW electronic (C^'^e), and 
vibrational iQ\) partition functions. In computing the electronic 
partition function for the OH radical Q^%, the multiplicity of 
the states ^ITsa and ^Ilia and the energy gap of 139.7 cm ' 
between the low-lying electronic states'* have been taken into 
consideration. As in our previous work,^ the tunneling correction 
r(T) in eq 1 is computed by the simple Wigner's formalism:' 

1   hv' 
nT) = \+^\T^ 24\kJ, 

(2) 

where i'"* is the imaginary frequency at the saddle point and 
the other terms have the same meaning as in eq 1. The rate 
constant calculations over the temperature range 250-400 K 
were earned out using the TURBO-RATE program.'" 

Results and Discussion 

Transition Structures and Vibrational PYequencies. Table 
1 lists all essential structural parameters as well as the imaginaiy 
frequencies computed at the U1V1P2/6-31 IG(2d,2p) level of 
theory for the transition structures corresponding to the five 
reactions (R1-R5). A complete list of all optimized geometrical 
parameters and vibrational frequencies corresponding to all 
reactants, transition structures, and products is shown in Tables 
1S-5S provided in the Supporting Infonnation. 

The results shown in Table 1 indicate that, for all five 
transition states, the C-H bond being broken is elongated by 
approximately 10% while the H-O bond being formed is 
elongated by approximately 35% when compared to their 
equilibrium values. This is a clear indication of the "reactant- 
like" nature of these stationaiy points. These results seem to 
indicate relatively large exothermicities and low reaction barriers 
(see below), in keeping with Hammond's postulate." 

Direct inspection of the transition state low-frequency modes 
reported in Table 5S indicates that, in all cases, there is one 
mode consisting of an internal -OH rotation about the nearly 
linear C-H-0 axis. Given that the barriers for these rotations 
were sufficiently small (Table i), these modes were treated as 
hindered rotors instead of a vibration. As explained in our 
previous papers,''^ these modes were removed from the vibra- 
tional partition function for the transition state and the corre- 
sponding hindered rotor partition ftmction QHR(T), calculated 
by the method devised by Ayala and Schlegel,'- vi-as included 
in the expression for the rate constant.' 

Reaction Enthalpies and Barriers. Table 2 .summarizes the 
results for reaction enthalpies Ar//(IS0) calculated at 298 K by 
a procedure similar to the one adopted in our earlier publi- 
cations,'- where the reaction enthalpies for the five reactions 
computed by direct subtraction of electronic energies between 
products and reactants are corrected by values of D298{H- 
CXYZ) utilizing the following isodesmic reactions: 

CH3 + CHXYZ — CH4 + CXYZ(X,Y,Z = H, F, Cl, or Br) 

(R6) 

First, the reaction enthalpies of these reactions (R6) are 
computed at the same level of theory as that for the five 
absitraction reactions under sUidy. These enthalpies are then used, 
in conjimction with the experimental value of/)29s(H—CH3) = 
440 k.l mor','^ to calculate the corresponding Dj^aQi-CXYZ) 
values. Finally, these D298(H-CXYZ) quantities are used in the 
calculation of the reaction enthalpy for reactions R1-R5 by 
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TABLE 1: Essential Structural Parameters," Imaginary Vibrational Frequencies for the Transition States of Each Reaction, 
and Internal Rotation Barrier of the -OH Group at the lVIP2/6-311G(2d,2p) Level of Theorj- 

r(C-HR) ^(O-HR) e (OHRC) Kok.Imol- treatment of I'ROT (HO—H—C)'' 

hindered rotor 
hindered rotor 
hindered rotor 
hindered rotor 
hindered rotor 

" Bond lengths r are in angstroms, bond angles 9 in degrees; the hydrogen atom involved in II atom abstraction is noted HR. '' Low-frequency 
mode associated with the -OH rotation around the axis along the C-II bond being broken. 

CH.FBr 1.190 1.296 160.3 2184i 8.7 
CHFBr. 1.186 1.296 162.0 21831 7.8 
CHFClBr 1.189 1.291 162.7 22201 7.3 
CHClzBr 1.183 1,299 170,8 21741 3.4 
CHClBrz 1.182 1.300 171.3 2173i 3.3 

TABLE 2: Calculated Reaction Enthalpies ArH(ISO) and 
Vibrationallv Adiabatic Barriers at PMP4(SDTQ)/ 
6-311G(3df,2p)//MP2/6-311G(2d,2p) Level of Theorj' 

ArWClSOrCkJmol-') 'f' (k.lmo!-')'' 

OH + CHsFBr -81.9 13.1 
OH + CHFBrz -92.5 7.7 
OH + CHFClBr -90.7 8.9 
OH + CHCbBr -105.3 4.5 
OH + CHClBr2 -105.7 3.8 

° Including the sum of thermal energies (AZPE + thermal energy 
corrections at 298 K). '' Including the AZPE correction. 

TABLE 3: Summarj' of Kinetic Parameters Calculated at 
PMP4(SDTQ)/6-311G(3df,2p)//MP2/6-3nG(2d,2p) Level of 
Theory Including Wigner's Tunneling Correction 

EJR (K)    A ,10-12"    A-(theory', 298 K), 10-'"" 

011 + CH.FBr 
OH + CHFBro 
OH + CHFClBr 
OH + CHClzBr 

OH + CHClBr, 

1440 
825 
920 
330 

250 

3.8                          3.0 
1.6                        10.0 
1.5                          6.8 
0.8                        26.4 

12.0" 
0.8                        34.6 

" Units are cm' molecule ' s 
Bilde et al.' 

'. * Experimental value measured by 

means of the following relation: 

A^(ISO) ^-D^ggCH- CXYZ) - DjygCH-OH)      (3) 

As observed in Table 2, the five reactions are significantly 
exotherniie with values of the reaction enthalpies varying from 
-81.9 to-105.7 kJmol-'. 

Table 2 also lists the vibrationally adiabatic barriers Pf for 
the five reactions under study. The values of f^^ are computed 
by the following relation: 

Pf = £TS-'^R + ZPETS ZPEp (4) 

where ^TS and ^R are the computed ab initio total energies for 
the transition state and reactants, while ZPETS and ZPER are 
the coiTesponding zero-point energy corrections. 

The results in Table 2 indicate that the substitution in the 
halomethane's structure of F atom by Ci or Br tends to decrease 
the barrier, but the substitution of Cl by Br does not seem to 
have a significant impact in the barrier height. Overall, reactions 
Rl—R5 are characterized by large heats of reaction and 
relatively low barrier heights (3.8 to 13.1 kJ mol"'), in keeping 
with the "reactant-like" nature of their corresponding transition 
states. 

Kinetic Parameters. Table 3 shows the Arrhenius parameters 
obtained from a fit of the equation 

k{T) = A exp(-E.JRT) (5) 

to the reaction rate constants computed in the temperature range 
250—400 K. In addition, the rate constants computed at 298 K 

are also shown. For the first three compounds, CH2FBr, CHFBra, 
and CHFClBr, the /1-factors per C—H bond, are the same. The 
y4-factors for the compounds CHCbBr, and CHCIBr2 are about 
a factor of 2 lower. These latter compounds also have lower 
computed activation energies and higher rate constants at 298 
K. Given the low barrier heights for these reactions, it is possible 
that canonical transition state theory might not be entirely 
appropriate and that the predicted rate constants might be just 
an upper bound to the real results. In these cases, more 
computationally expensive methodologies, such as the varia- 
tional transition state theory fonnalism, VTST,'"* should be used 
in order to compute rate constants with a higher accuracy. On 
the basis of our previous results on the reaction between OH + 
CHCIa^, however, we believe that the TST results are accurate 
within a factor of 2—4 in the case of these two reactions. This 
is fiarther confinned by the computed ^(298 K) for the reaction 
OH + CHCbBr (Table 3), which is approximately 2.2 times 
higher that the value measured by Bilde et al.-* 

Evans—Polanyi Relations. Despite the success of the 
methodology used in this work in predicting kinetic parameters 
in reasonable agreement with experimental results for H atom 
abstraction reactions between OH radicals and halogenated 
methanes,''^ it is clear that the treatment of larger systems might 
be prohibitively expensive from a coinputational point of view. 
This is particularly true in the case of halogenated organic 
compounds with more than three carbon atoms, where the 
number of possible transition states could increase significantly. 
This situation gets worse in cases where a sizable number of 
halogens such as bromine are also present, given that the full 
ab initio treatoient of the electronic structure problem could 
become unfeasible. 

Given that the ab initio computation of heats of reaction are 
far less expensive (and less laborious) than the theoretical 
prediction of the kinetics, it would seem logical to look for other 
less expensive alternatives that involve only the treatment of 
the thermochemistry. In this work, we have adopted relations 
of the Evans—Polanyi type where properties such as vibra- 
tionally adiabatic barriers and/or reaction rate constants are 
related to the corresponding heats of reaction. 

As a first approach, we have plotted the natural logarithm of 
the rate constant obtained experimentally at 298 K, In A;cxp(298 
K), as a function of the calculated ArH{\SO) at the same 
temperature for the 13 H atom abstraction reactions included 
in the validation set used in Papet 11.^ The resulting Evans— 
Polanyi plot is shown in Figure 2. A least-squares polynomial 
fit of the data leads to the following quadratic relation: 

In A-,,p(298 K) = -2.003 x 10~^ A^(ISO)^ - 

0.435 A^(ISO) -53.29 (6) 

This relation can now be used together with the calculated 
reaction enthalpies for the five reactions presented in this study 
in order to predict their corresponding In iexp(298 K) values. 
The predicted results using this approach are also depicted in 
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Figure 2. 
CH2CI2. g: 

Quadratic variation of the In *„p(298 K) versus Ar//(ISO) in kJ mol ' 
CHjClBr. h: CHaBrz. i: CHF3. j: CHF2CI. k: CHFzBr. 1: CHFCI2. m: 

a:  CH3F. b:  CH3CI. c: 
CHCI3. 

CH3Br. d:  CH2F2. e:  CH2FCI. f: 

TABLE 4: Vibrational Adiabatic Barriers V? in kJ mol' and Rate Constants at 298 K in cm^ molecule ' s 

compound V^ (theory)" t^iE-P)" . Ihcory j 
"E-P IQi: "E-P 10': ftab ii 10" 

CHzFBr 
CHFBr2 
CHFClBr 
CHCl2Br 
CHCIBr2 

13.1 
7.7 
8.9 
4.5 
3.8 

13,2 
9.5 

10.1 
5.3 
5.1 

0.29 
1.00 
0.83 
2.90 
3.00 

0.32 
0.79 
0.70 
1.30 
1.30 

0.30 
1.00 
0.68 
2.60 
3.50 

" Computed with the full ab initio treatment. * Predicted from the Evans- 
from the Evans-Polanyi eq 6. " Computed with the full ab initio treatment. 

Figure 2. In addition, tlie results in Table 4 show that the 
predicted A(298)'s are in reasonable good agreement with the 
computed values obtained by the full ab initio treatment 
previously discussed. 

Although the previous approach seems to work very well, it 
is rather limited in scope since it requires the knowledge of the 
experimental rate constants for a suitable validation set of 
reactions. This information might not be available, especially 
in in.stances where proposed partially halogenated organic 
compounds are being screened as potential replacements for their 
fully halogenated counterparts. In these cases, the prediction 
of the reaction rate constants based on purely theoretical 
calculations might be the best course of action. Figure 3 shows 
an Evans-Polanyi plot (using the same validation set) where 
the natural logarithm of the rate constant calculated at 298 K, 
In A-,i,eory(298 K), is plotted vs the corresponding calculated 
Ar//(ISO) values. As with the previous approach, a quadratic 
relation is obtained: 

In ^„eo^(298 K) = -L368 x \0-'A/f{lSOf - 

0.354A//(ISO) - 50.96 (7) 

Again, the results for the five reactions discussed in this work 
(sec Table 4) show an excellent agreement between the predicted 
values using cq 7 and the A-(298)'s computed by the full ab initio 
treatment, The Evans-Polanyi relations discussed above are 
general and can be applied to temperatures other than 298 K. 

Sometimes, information regarding the adiabatic vibrational 
barrier for a paiticular reaction is needed. Figure 4 shows the 

plot of V^' vs ArH(lSO) for the validation set of reactions. As 

-Polanyi eq 8. " Predicted from the Evans-Polanyi eq 7. '' Predicted 

in the previous two approaches, a polynomial fit of the data 
gives the following Evans-Polanyi relation for J^' (in k,I 

mor'): 

Ff = L025 X 10"^A//(ISO)^ + 0.533A^(ISO) + 49.98 

(8) 

As can be observed in Table 4, the five F^"s predicted by eq 8 
are in excellent agreement with the corresponding values 
computed by the full ab initio formalism. 

Atmospheric Lifetimes. Reactions with hydroxyl radicals 
in the troposphere constitute the main removal pathways of 
hydrogen-containing compounds. Following Prather and Spi- 
vakovsky,'^ we can estimate the atmospheric lifetime of a 
halomethane of the type CHXYZ due to reactions with hydroxyl 
radicals in the troposphere as 

,0H 

_.0H 
'CHXYZ■ 

(277 K) 
.OH 

Cxvz(277K)^"'^^'^ 
(9) 

Where T°"XYZ and T°" eci ^^'^ *e atmospheric lifetimes of the 
halomethane CHXYZ* atid methyl chloroform (CH3CCI3), 
respectively, due to reactions with hydroxyl radicals in the 

troposphere only. In eq 9, /c^flxYz (277 K) and k°\lca.. (277 K) 
= 6.69 X 10 "" cm' molecule ' s ' "' are the rate constants 
for the reactions of OH with these compounds at T= 277 K. A 

value of T"H,CCI ^qual to 5.9 years was used, which was 
obtained following the procedure used by Prinn et al." from 
the measured lifetime of CH3CCI3, rcH,cci.i = 4.8 years, taking 
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TABLE 5: Atmospheric Lifetimes in Years for a Series of 
Halomethanes of Type CHXYZ 

-110     -100      -90 -80 -70       -60 -50 -40 

A,H (ISO), kJ mor' 

Figure 4. Quadratic variation of the vibrationally adiabatic barriers 
VI versus A,//(ISO) in kJ mol"'. a: CH3F. b: CH3CI. c: CHjBr. d: 
CH2F2. e: CH2FCI. f: CH2CI2. g: CH2ClBr. h: CH2Br2. i: CHF3. j: 
CHF2CI. k: CHFaBr. 1: CHFCI2. m: CHCI3. 

into account partial lifetimes due to ocean loss of 85 years and 
to stratospheric loss of 37 years. 

Table 5 shows the results of these predictions as well as the 
results obtained using the experimental rate constants for the 
validation set of thirteen H atom abstraction reactions discussed 
in Paper 11.^ The atmospheric lifetimes estimated by these 
calculations are in quite reasonable agreement with those 
estimated by the experimental data. As can be seen in Table 5, 
the theoretical atmospheric lifetimes deviate from their experi- 
mental counterparts by no more than a factor of 2, except in 
the case of the reaction of OH with chlorofonn (CHCI3) for 
which a factor of 3.4 is obtained. 

For the reactions of OH with CH2FBr, CHFBr2, and CHF- 
ClBr, we estimate the atmospheric lifetimes to be 1.88, 0.49, 
and 0.73 years, respectively. On the basis of the agreement 
between the rate constants calculated for the validation set and 
the measurements, wc estimate an uncertainty of less than a 
factor of 2 in the rate constants from which these are derived. 
For the bromochloromethanes CHCl2Br, and CHClBr2, the 
corresponding atmospheric lifetimes estimated by our calcula- 
tions are 58 and 43 days. We estimate an uncertainty' of no 
more than a factor of 4 for the rate constants from which these 

-OH 
^CHXYZ 

compound ^flJxYz (theory)" (experiment)'' 

CH3F 6.37 2.92 
CH3CI 1.55 1.55 
CH3Br 2.47 1.97 
CH2F2 3.59 5.60 
CH2FCI 1.68 1.38 
CH2CI2 0.43 0.46 
CH2ClBr 0.54 0.49 
CH2Br2 0.57 0.42 
CHF3 397 263 
CHF2CI 13.16 12.73 
CHFaBr 6.03 5.64 
CHFCI2 1.18 2.13 
CHCI3 0.15 0.51 
CH2FBr 1.88 unknown 
CHFBr2 0.49 unknown 
CHFCIBr 0.73 unknown 
CHCljBr 0.16 unknown 
CHClBr2 0.12 unknown 

° Computed with the full ab initio treatment. ' Experimental values 
of the rate constant at 277 K are calculated from the Arrhenius 
expressions reported in ref 16, and in ref 18 for the reaction OH + 
CH2ClBr. 

are derived. The rate constants for their reaction with OH are 
indeed likely to be very similar to that of CHCI3 and CHBra. 

Note that the estimates of the lifetimes of these compounds 
do not include loss mechanisms due to photolysis or to 
hydrolysis. Any contiibution from these sources will lead to a 
lower actual lifetime. In addition, the above estimates assume 
a unifomi distribution of the gas throughout the troposphere. 
This assumption is probably reasonable for longer-lived com- 
pounds such as CH2FBr, somewhat questionable for CHFBro 
and CHFCIBr, and is probably not valid for the short-lived 
compounds CHC^Br and CHClBr2, which are not likely to have 
a uniform distribution over the troposphere. Atmospheric 
modeling calculations are probably required to obtain more valid 
estimates. Nevertheless, from the point of view of a screening 
tool, the important information is that these compounds are 
predicted to be short-lived and are thus potentially suitable 
replacement compounds. 
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Conclusions 

PMP4(SDTQ)/6-31 lG(3df,2p)//MP2/6-31 lG(2d,2p) molec- 
ular orbital calculations combined with transition state thcoiy 
have been used in order to study the kinetics of the H atom 
abstraction reactions between the radical OH and a scries of 
five bromine-containing halomcthancs for which no experimen- 
tal data arc available. Given tlie previous success of this 
methodology^ in predicting rate constants within a factor of 2 
for similar reactions, we believe the kinetic parameters for the 
five reactions in this study are predicted with similar accuracy. 
The results presented in this work also show the feasibility of 
using relationships of the Evans—Polanyi type in order to predict 
the kinetics of other H atom abstraction reactions by OH radicals 
using only theoretical calculations of the reaction thermodynam- 
ics. These Evans-Polanyi relations provide a powerful addition 
to the computational "screening tool" proposed in our previous 
publications''^ aimed at the implementation of inexpensive 
semiquantitative methodologies that could aid scientists in the 
understanding of the kinetics processes similar to the ones 
discussed in this work. Finally, rate constants computed at 277 
K were used in order to provide estimates of the atmospheric 
lifetimes for the five halomethanes; C'HiFBr, CHFBr:, CHF- 
ClBr, CHCbBr, and CHClBr2. It is observed that the species 
CH2FBr, CHFBr2, and CHFClBr exhibit considerably larger 
atmospheric lifetimes (from 0.5 to 1.9 years) when compared 
to the bromochloromethanes CHCbBr, and CHCIBii (in the 
order of days). As explained in the Discussion section, these 
numbers should be used only as a semiquantitative guide given 
that more sophisticated models are needed in order to get 
accurate atmospheric lifetimes. 

Acknowledgment. This work was supported by the Upper 
Atmosphere Research Program of the National Aeronautics and 
Space Administration and by the Next Generation Fire Sup- 
pression Technology Program, funded by the Department of 
Defense Strategic Environmental Research and Development 
Program under MIPR number W74RDV73243630. 

Supporting Information Available: Tables of (i) the 
optimized geometry parameters of the halomethanes, halomcthyl 
radicals, and transition states (Tables 1S-3S), and (ii) their 
vibrational frequencies (Tables 4S and 5S). 

References and Notes 

(1) Louis. I-.; Gonzalez, C. A.; Hiiie, R. I-;,; Kiirylo. M. .1. J. Phys. 
Chem. A 2000. )0't. 2931. 

(2) Loiii,s. F.; Gonzalez. C. A,; Htiie, R, H.; Kiirylo, M. J, ./ I'hys. 
Chem. A 2000. 104, 8773. 

(3) Biklc. M.; Wallington. T. J.; Fenonato, C; Orlando, J. J.; Tyndall, 
G. S,; Estupiiian, E.; Habcrkom. S. / Phys. Chem. A 1998, 102, 1976. 

(4) Note, T.; Babushok, V.; Ijiirgess, D. R.; Hamins, A.: Tsang, W.; 
Mizioiek, A. 26th Symp. (Inl.) Combust. 1996. 1377. 

(5) (a) The identification of commercial equipment or materials does 
not imply recognition or endorsement by the National institute of Standards 
and Technology, nor does it imply that the material or equipment identified 
are necessarily'the best available for the purpose, (b) Frisch, M. J.; Ti-ucks, 
G. W.: Schlegel, H. B.; Gill, P. M. W,; Johnson, B. G.; Robb, M. A.; 
Cheeseman, J, R.: Keith, T.; Petersson, G. A.; Montgomery, .1. A.; 
Rashavachari, K.: Al-Laham, M. A.; Zakrzew.ski, V. G.; Ortiz, J, V.: 
Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; M. 
Challacombe; Peng, C. Y,; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, 
J. L.: Replogle, E.S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley,.(. 
S.; Defrccs, D. J.; Baker. J.; Stewart, J. P.; Head-Gordon, M.: Gonzalez, 
C; Pople. J. A. GAUSSIAN 94, Revision D.4.; Gaussian, Inc: Pittsburgh, 
PA, 1995. 

(6) (a) Schleael. H. B.,/. Chem. Phvs. 1986, S4, 4530. (b) Schlegel, 
H. B. ./. Phys. Chem. 1988, 92. 3075 (c) Sosa, C; Schlegel. H. B. Int. .J. 
Qmnliim Chem. 1986, 29, 1001. (d) Sosa, C; Schlegel. H. B. Int. J. 
Quantum Chem. 1987, 30, 155. 

(7) (a) Johnston. H. S. Gas-Phase Reaction Rate Theoiy; The Roland 
Press Company: New York, 1966. (b) Laidlcr, K. J. Theories of Chemical 
Reaction Rates; McGraw-Hill: New York, 1969. (c) Weston, R. E.; 
Schwartz, H. A. Chemical Kinetics; Prentice Hall: New York, 1972. (d) 
Rapp. D. Statistical Mechanics; Holt, Reinhard, and Winston: New York, 
1972. (e) Nikitin, E. E. Theoty of Elementary Atomic and Molecular 
Proces.ies in Gases; Claredon Press: Oxford, 1974. (t) Smith, I. W, M. 
Kinetics ami Dynamics of Elementary Gas Reactions; Butterworth: London, 
1980. (g) Steii'ifeld. J. L; Francisco, J. S.; Hase, W. L. Chemical Kinetics 
and Dynamics; Prentice Hall: New Jersey, 1989. 

(8) Chase, M. W. J. Phvs. Chem. Ref Data 1998, Monograph 9. 
(9) Wigner, E. P. Z Phys. Chem. 1932, BI9, 203. 

(10) Rate constants calculated with the Turbo-Rate module in the beta 
version of the TURBO-OPT geometry optimization package, developed 
by C. Gonzalez and Tom Allison, National Institute of Standards and 
Technology, Gaithersburg, MD. 

(11) Hammond, G. S. J. Am. Chem. Soc. 1955. 77, 334. 
(12) Ayala, P. Y,; Schlegel, H. B. 7. Chem. Phys. 1998, 108, 2314. 
(13) Tsang. W. Heats of Formation of Organic Free Radicals by Kinetic 

Methods; Tsana. W., Ed.: Blackie Academic & Professional: London. 1996; 
p 22. 

(14) (a) Tnililar, D. G.; Isaacson. A. D,; Garret, B. C. In Theory of 
Chemical Reaction Dynamics; Baer. M. Ed,; CRC Press: Boca Raton, PL. 
1985. p 65. (b) Truhfar, D. G../. Chem. Phys. 1970. 53, 2041. (c) Garret, 
B. C: Ti-uhlar, D. G. ./ Phy;. Chem. 1979, 83, 1052. (d) Garret, B. C; 
Truhlar, D. G../, Phvs. Chem. 1979, 83, 1079. (e) Ganx-t, B. C; Truhlar, 
D, G.,/. Am. Chem. Soc. 1979, 101, 4534, (1) Ganet, B. C; Truhlar, D. G. 
./. Am. Chem. Soc. 1980, 2, 2559, (g) Kreevoy, M, M,; Truhlar, D, G, In 
Investigation of Rates and Mechanisms of Reactions; Bema.sconi, C, F,, 
Ed,; ,Iohn Wiley & Sons:  New York. 1986; Part 1, p 13. 

(15) Prathcr, M,; Spivakovsky, C. M, J. Geophys. Res. 1990, 95, 18723. 
(16) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson. R. F.; 

Kurv'lo. M. J.; Howard, C, J.; Ravishankara, A. R.; Kolb. C. E.; Molina, 
M. J. JPL Publication 97-4; Jet Propulsion Laboratory, California Institute 
of Technology:  Pasadena, CA, 1997. 

(17) Prinn, R. G.; Weiss, R. F.; Miller, B. R.; Huang, A.; Alyea, F. N.; 
Cunnold. D. M.; Eraser, P. J.; Hartley, D. E.; Simmonds, P. G. Science 
1995,26.9, 187, 

(18) Orkin, V, L,; Khamaganov. V, G,; Guschin, A, G,; Huie, R, E,; 
Kurylo, M, J, J, Phvs. Chem."A 1997, lOJ. 174. 



© 2000 American Chemical Society, J. Phys. Chem. A, Louis jp001923j Supporting Info Page 1 

ce 

a 
ja 

B o 
"w 
ja 
u a 

2 

a 
o a> 
01)' 
-o 
at .a 
s 
•a a o 
a 

o 
»? 
^ 
r< 

O) 

H 

s 
es 

a 

DC 

ri 
»-< 

II 

X u 

II 

CD 

o 

VO* 
r4 

PC 

I 
o 

VO 
CO 

y 
o 
00 o 

•e- 

Ov 

O 
P. 

B 

I 
CD 

oo- B 

2 00 
II s 

i" X o 

OQ 

II      II 

a   u 
P   p 

II 

p 
II 

P    o 

II II 

ac 
p   p 
p   p 

K    o* 

II . II 

X £ 
Si Si 
© s 
<X> CD 

cf ri 
00 00 o o 

P 
P. 

00 
0\ 

X 

B 
CD 

0\ 

II      II 

y y 
f>f O 

II II 

P 
P 

o 

P 
P 

O 

u 
■3 
cs 

i 
a 

«g 
S 

a 
M . 
U 
M a 

a o 

■a « .a 
a 
« a o 
>^ o. 

G- 
O 

41 

1 

a a 
u 

AH 

a 
CO 

fe 
y 
s 
VO 

Si 
ffl 

oC 

CD 
vo' 
00 

3 
CO 

00 

o 

J 

BQ 

PQ 

rj 

1^ 

o 

U 
b 
Si 
-e- 
■*" 

Si 
& 
CD 

CD 

U 

00 
00 

b    ^ 

n 

Si 
CQ 

-O- 
cf 

m 
p 
u 

IT) 
■St 

03 
O 

I -e- 
00 
vd 

P 
a   Si m 

^ ^" OJ CD •B 
Ov' 
00 
oo 

00 
00 00 

4 
»—* _< *—< ^^ R 
II • II II II p 

.3 J 3 J2 

1 
>n <n ov 00 < 

r~: r-; c 

J3      J      J 1-4 1^ M 

B 
p 
o 

U    (J 
p   p 

-e- 

I 
•-3 
T3 

CD 

V2 

M 
o 

^ch\^^^ 



© 2000 American Chemical Society, J. Phys. Chem. A, Louis jp001923j Supporting Info Page 2 

fa 

o 
a o 

R 
W 

S9 

S 
a 
e :-g 

g 
i: 
o 

ha 

E 
R 

C3 

E o 

V 
N 
'i 
a o 

^^ a 

3 

PQ 
0 s u 
•o ta 
R 
La 

M, 
U 

u 
PQ 

t*    U 

CO 

R 
H 

U 

n. 

tn ON o q 

r^ -H -.;r Tj- 00 

00 

>o «n (S ^^ --I Os 
osr-r-;rjo\g,J3J3fii~^r-.(3o (y\   ON   o 

^    '-^    00 

9      -H 

CT\io>no\^^r-i-H  >o  ■^  t-- 
oO"^y^!r"05!^odr-^vdri 

«s 
1-^  ro  t^  ON  «S  ON o o o >o 00 2 -2 o^ ,-:•.-;•;     its   i^   tj"   >e   cj.   —   _ 

vo \o 00 00 vo i-~ 
00  -^  .-H  ^  0\ \o 
1—(   fl  ON  OS   M  ON 

fs  r-  t^ o 
00 NO o 

t-.  Oi  <^ 
L;  00  oo 00   J2   ,-. 

o 
o 

-HmTfNONOr-in\Ofn^^*^ravo 

9'^"!..OOOVOSN'^ ?5 '^ 

,3c^K ^S^^-w- 

6 6 6 u o a >l b ^ 2- -^- -^- ^- !^' f^ 
i_   CD   O   ffl   CD   O   -©- -^ -©■ "©■ 

<*^' 



© 2000 American Chemical Society, J. Piiys. Chem, A, Louis jp001923j Supporting Info Page 3 .; 

/ 
Table   4S:   Calculated   MP2/6-311G(2d^p)   vibrational   frequencies   (in   cm')   for 

halomethanes and halomethyl radicals 

Species         Vibrational frequencies (cm'')  
CHjFBr      316,660,961,1104,1276,1372,1529,3160,3248      '■ ~^ 

CHFBr, 174,301,361,628,719,1106,1213,1340,3218 

CHFClBr 228,318,426,667, 787,1112,1244,1351,3220 

CHCUBr 219.226, 334,609,739,779,1212,1249,3232 

CHClBri 170,204,283, 571,677,758,1188,1228,3233 

CHFBr        339,676,820,1189,1323,3236 
650,        1149.12660) 

CFBr^    ~   178,315,384,501,817,1176 
782.11360) 

CFCIBr       233,333,446,554,878,1182 

CCUBr        228,240, 339,440, 845, 889 
835.888°) 

CClBrj        179.214,303,386,793.860 
       783, 856 o)  
The experimental values of the vibrational frequencies are in italics. These values are taken from 

'>ref. IS 

Table 5S: Calculated MP2/6-311G(2d,2p) vibrational frequencies (in cm"') for transition 

states 

Species ~~~ ~~~~     Vibrational frequencies (cwr^) 
OH + CH,FBr 21841, 88,128,171, 323,518,740. 856.1014,1121,1311.1552. 3200, 3814 

■OKf+CHFBi^ 21831,64.104,109.174,305,340.383,754, 816.881,1074,1114,1539, 3813 
OH + CHFClBr 2220i, 71,100, 116,226,322, 365,455, 804, 839, 887,1098,1121,1534,3813 
OH + CHCl,Br 21741. 30,82.108.222.228.306.423,725,775, 800, 876,1109,1380, 3808 
OH + CHClBr, 21731,32,78,102,172,207,267,388,666,761. 777. 869,1091,1366, 3808 
Vibrational frequencies indicated in italics correspond to the hindered rotation of the -OH group 

REFERENCE FOR SUPPORTING INFORMATION: 

IS) Jacox, M.E. Vibrational and Electronic Energy Levels of Polyatomic Transient Molecules, 

J.Phys.Chem.Ref.Data, 1994, Monograph N'S. 
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INTRODUCTION 

Although the bromofluorocarbon compounds known as halons are excellent fire suppressants, 
their production is being phased out due to the considerable danger they pose to the Earth's 
ozone layer. A number of non-brominated substances have been proposed and tested, but the 
effort to find replacements continues to return to bromine due to the chemical characteristics of 
this element as a chemically active flame suppressant. Thus, a number of classes of bromine- 
containing molecules have been proposed for investigation as to their fire-suppression 
characteristics. Before candidate replacements can be placed into service, it is important to 
establish their environmental effects, particularly the projected ozone depletion potential. 
Generally, these replacement compounds are designed to be reactive toward atmospheric 
hydroxyl radicals. This reaction leads to chemical transformations that ultimately lead to the 
removal of the bromine fi"om the atmosphere. Additionally, photolysis of these compounds in 
the atmosphere will release Br and may fiirther shorten their lifetimes. Li order to quantitatively 
evaluate the impact of these compounds in the atmosphere, we have investigated the reactivity of 
several classes of reactants toward OH, both experimentally and computationally. Rate constants 
were determined over the temperature range of at least 250 K to 370 K. In addition, we have 
measured the absorption spectra of most of these compounds down to 160 nm. We have then 
utilized this information to derive predicted ozone depletion potentials. 

Experimental Section 

UV Absorption Cross-Section Measurements. The absorption spectra of the brominated 
compounds to be analyzed were measured over the wavelength range of 160-280 nm using a 
single beam apparatus consisting of a 1 m vacuum monochromator equipped with a 600 
lines/mm grating and a photomultiplier. The radiation source was a deuterium lamp. Spectra 
were recorded at increments of 0.5 nm at spectral slit widths of 0.5 nm. The pressure inside the 
(16.9 ± 0.05) cm absorption cell was measured by a manometer at T = (295 ± 1) K. Absorption 
spectra of the evacuated cell and of the cell filled with a gas sample were alternately recorded 
several times, and the absorption cross sections were calculated fi-om the differences. The 



complete spectra were constructed from data taken over several overlapping wavelength ranges. 
Data over each range were obtained at several pressures to verify adherence to the Beer-Lambert 
absorption law. The overall instrumental error associated with uncertainties in the path length, 
pressure, temperature stability, and the measured absorbance was estimated to be less than 2% 
over most of the wavelength range, increasing to ca. 10-20 % at the long-wavelength ends of the 
spectra. Mixtures containing 2%, 10%, and 100% of the compounds under study were used at 
pressures in the cell ranging from 4 Pa to 120 kPa (0.03 - 900 Torr). 

OH Reaction Rate Constant Measurements. The principal component of the flash photolysis- 
resonance fluorescence (FPRF) apparatus is a Pyrex reactor (of approximately 50 cm internal 
volume) thermostated with water or ethanol circulated through its outer jacket. Reactions were 
studied in argon carrier gas (99.9995% purity) at a total pressure of 13.33 kPa (100.0 Torr). 
Flows of dry argon, argon bubbled through water thermostated at 276 K, and reactant mixtures 
(containing 0.01%-0.1% of the reactant diluted with argon) were premixed and flowed through 
the reactor at a total flow rate between 0.6 and 1.4 cm^ s'', STP. The concentrations of the gases 
in the reactor were determined by measuring the mass flow rates and the total pressure with a 
manometer. Flow rates of argon, the H20/argon mixture, and reactant/inert gas mixtures were 
measured by calibrated mass flow meters. Hydroxyl radicals were produced by the pulsed 
photolysis (1-4 Hz repetition rate) of H2O (introduced via the 276 K argon / H2O bubbler) by a 
xenon flash lamp focused into the reactor. The radicals were then monitored by their resonance 
fluorescence near 308 nm, excited by a microwave-discharge resonance lamp (330 Pa or 2.5 Torr 
of a ca. 2% mixture of H2O in UHP helium) focused into the reactor center. The resonance 
fluorescence signal was recorded on a computer-based multichaimel scarmer (channel width 100 
l^s) as a summation of 2,000-5,000 consecutive flashes. The radical decay signal at each reactant 
concentration was analyzed as described previously [1] to obtain the first-order decay rate 
coefficient due to the reaction under study. 

Computational Determinations of OH Kinetics. Fully optimized geometries, harmonic 
frequencies, and zero-point energy corrections, ZPE, of reactants, transition structures and 
products were computed with the second-order M0ller-Plesset perturbation theory, UMP2, using 
the 6-31 lG(2d,2p) basis set. Electron correlation was calculated with the fourth-order M0ller- 
Plesset perturbation theory in the space of single, double, triple and quadruple excitations with 
full annihilation of spin contamination, [2] PMP4(SDTQ). These single-point energy 
calculations were carried out with the 6-31 lG(3df,2p) basis set using the geometries previously 
optimized at the MP2/6-311 G(2d,2p) level. All relative energies quoted and discussed in this 
paper include zero-point energy corrections with unsealed frequencies obtained at the MP2/6- 
311G(2d,2p)level. 

Rate constants, k(T), were computed using the following transition state theory 
expression [3]: 

ksT..        Q"'(T) k(T) = r(T)x^x-3jj-^-^j5^^^—xexp - 
'    AE^ 

K^J 
(1) 

h  "Q°"(T)Q^"^^"(T) 

Where: Q°"(T), Q'^"^^(T), Q^^(T), are the total partition functions for the hydroxyl radical, 
halomethane of type CHXYZ, and transition state respectively at temperature T; AE is the 
activation energy including zero-point energy and thermal corrections to the internal energy; kg 
is Boltzman's constant, and h is Planck's constant. For all species, the total partition function 
can be cast in terms of the translational, {^T), rotational, {^R), electronic, (^e), and 



vibrational, {<^v), partition functions. In computing the electronic partition function for the OH 
radical, Q^"e, the multiplicity of the states ^113/2 and ^Ilm and the energy gap of 139.7 cm'' 
between the low-lying electronic states have been taken into consideration. As in our previous 
work, the tunneling correction r(T) in equation (1) is computed by the simple Wigner's 
formaUsm [4]: 

r(T)=i+— 
24 

hv^ 
k,T, 

(2) 

Where v'' is the imaginary frequency at the saddle point and the other terms have the same 
meaning as in equation (1). The rate constant calculations over the temperature range 250-400 K 
were carried out using the TURBO-RATE program. [5] 

Results and Discussion 

UV Absorption Spectra All of the bromine-containing compounds absorb ultraviolet radiation 
strongly in the 195 nm - 215 nm region, where photodissociation in the lower stratosphere is 
most important. This reduces their atmospheric lifetimes, but contributes to the ozone depletion 
potential. The measured absorption cross sections for this region are utilized in our calculations 
of the ozone depletion potentials for these species. The results of our measurements on bromine- 
containing compounds are shown in Figures 1-3, along with some other gasses for comparison. 

Figure 1. UV absorption spectra of bromopropanes 

and 2-bromo-1,1-difiuoroethyi metliyi ether 
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Figure 2. UV absorption spectra of selected 

Br-containing fluorinated allcenes and allcanes 

Figure 3. UV absorption spectra of selected 

Br-containing fluorinated alkenes and alkanes 
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Experimental Kinetics: The results of our measurements on the reactions of hydroxyl radicals 
with five bromofluoro-alkenes at different temperatures are presented in Figure 4. The derived 
Arrhenius parameters for the reactions are listed in Table 1. The effect of halogenation on alkene 
reactivity is quite complicated. Nevertheless, one can speculate on the correlation between 
reactivity and structure of these halogenated alkenes. Fluorination of one olefmic carbon tends to 
deactivate while fluorination of the second olefmic carbons tends to compensate that 
deactivation. This suggests that the alkene reactivity toward OH depends mainly on the 
geometrical localization of 7i-electron density. Bromination of the olefmic carbon increases the 
reactivity of fluorinated alkenes while Br on a remote carbon has essentially no effect (Figure 5). 

Figure 4. Rate Constants for Reactions between Figure 5. Effect of Bromination on 

OH and Br-containing Fluorinated Alkenes Reactivity of Fluorinated Olefins toward OH 
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Arrhenius Parameters for OH Reactions of Br-containing Fluoroalkenes and their Estimated 
Environmental Parameters 

Molecule 
cm^molecule'^s"' 

E/R± 
\F/R, 

K 

A(298)xl0*^ 
cm^molecule'^s"' 

Atmospheric 
lifetime, days 

ODP 

CF2=CF2 3.39 ±0.22 -323 ±11 9.98± 0.02 1.1 

CFBr-CF2 2.02 ±0.12 -396 ±18 7.62 ± 0.06 1.4 0.0022 

CHBr=CF2 1 30^°-^^ -370 + 47 4.53 ±0.10 2.4 0.0015 

CH2=CBr-CF3 1   T/C+O''' l-36_o.,4 -317 ±34 3.94 ± 0.06 2.4 0.0034 

CH2=CBr-CF2-CF3 o.9s:iii -369 ± 90 3.39 ±0.14 3.1 0.0030 

CH2=CH-CF2-CF2Br 0.85-;^, -201± 46 1.68 ±0.05 6.7 0.0043 

Atmospheric lifetimes and ODPs were estimated in the manner typically used for long-lived 
compounds. Such estimations assume a uniform tropospheric distribution that is not correct for 
short-lived compounds. ODPs were estimated using the calculated lifetime of CFsBr equals to 
65 years and its 0DP(CF3Br) = 13. [6] 

Figure 6. Rate Constants for Reactions of OH with 

1-bromopropane, 2-bromopropane, and propane 
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The reactivity of OH toward both 1- and 2- 
bromopropane has been determined over the 
temperature range 210 K to 480 K. The 
Arrhenius plots presented in Figure 6 show 
curvature due to the different rate constants 
for abstraction from the different types of C- 
H bonds in the molecules. Li Table 2, we 
present the Arrhenius parameters for the 
temperature range below 298 K. 



Table 2. Arrhenius Parameters for OH Reactions of propane and bromopropanes 
Molecule 

cm'^molecule'^s'' 
CHaCHzCHzBr 

CHsCHBrCHa 

3.04 

1.90 

Figure 7. The Rate Constants for the Reaction between 

OH and 2-bromo-1,1-difluoroethyl methyl ether 
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In Figure 7 we present our results on the kinetics of 
the reaction of OH with the bromine-substituted 
fluoroether CH30CF2CH2Br. The Arrhenius plot is 
clearly curved, which we ascribe to abstraction at the 
two different C-H sites. The results can be 
represented  by  the   expression  k  =   5.24   x   10' 
"*(T/298)^-^^exp(+(63±202)/T) cm^ molec 's-^ 

Computational Kinetics: The computational screening approach was applied to a series of 
halogenated methanes for which reliable kinetic data were available. [7] By this means, we were 
able to demonstrate that the chosen level of theory could provide calculated rate constants that 
were within better than factors of three of the experimental values, and typically within better 
that a factor of two. The results of these calculations are presented in Table 3 for the bromine- 
containing methanes. [8] 



Table 3. Calculated Arrhenius Parameters for Reactions with OH at the PMP4(STDQ)/6- 
311G(3df,2p) Level of Theory, Estimated Atmospheric Lifetimes, and ODPs 

Molecule 
cm^molecule"'s'' 

E/R 
K 

it(298)xl0^^ 
cm^molecule"'s'' 

Atmospheric 
lifetime, years 

ODP 

CHsBr 5.4 1610 2.4 2.5 1.2 

CHFaBr 1.5 1550 1.0 6.0 1.6 

CH2FBr 3.8 1440 3.0 1.9 0.59 

CHaClBr 2.2 945 9.2 0.52 0.23 

CHFClBr 2.2 920 6.8 0.70 0.27 

CH2Br2 2.5 995 8.9 0.55 043 

CHFBr2 1.6 825 10.0 0.46 0.30 

CHClzBr 0.8 330 26.4 0.15 0.047 

CHClBr2 0.8 250 34.6 0.11 0.08 

An interesting observation is that whereas more heavily substituted methanes have lower pre- 
exponential factors, this is more than made up in their lower values of E/R. Thus, the predicted 
lifetimes decrease from 2.5 years for CHaBr to 0.11 years for CHClBr2, with the calculated ODP 
values decreasing from 1.2 to 0.08. In our comparison between experimental and computational 
results, we found that the rate constants for the faster reactions seemed to be somewhat 
overestimated. Thus, we would expect that the actual rate constants for the faster reactions (k298 
> 10"'^ cm^ molec'' s'') to be somewhat lower and the lifetimes and ODPs larger. 



Fate of the Bromine: General mechanisms for atmospheric degradation of fluorinated Br 
containing alkenes has been developed based on the analysis of available kinetic data. When 
bromine is substituted on an olefmic carbon, the scheme below suggests that it is ejected early in 
the reaction. 

CH,=CBr-R 

0H-CH2-CBr-R CH2-C(0H)Br-R 

I t 

(+N0) 

OH-CH2-C-O-O CH,=C(OH)-R + Br 

0H-CH2-C-0    -^  0H-CH2-C-0-0-NO2 
I (- NO3) I 

Br Br 

t R 
I 

OH-CH,-C=0 + Br 

When bromine resides on a carbon removed from the double bond, the mechanism is somewhat 
more complex, as illustrated below for decomposition of CH2=CH-CF2-CF2Br: 

OH + CH2=CH-CF2-CF2Br (+M)-^ 
HOCHa-CH-CFa-CFzBr + O2 -> 
HOCH2-CH(02)-CF2-CF2Br + NO -> 
HOCH2-CHO-CF2-CF2Br -^ 
CH2OH + O2 -> 

Or 
OH + CH2=CH-CF2-CF2Br (+M)-> 
CH2-CH(OH)-CF2-CF2Br + O2 -> 
C(02)H2-CH(OH)-CF2-CF2Br + NO-^ 
COH2-CH(OH)-CF2-CF2Br -> 
CH(OH)-CF2-CF2Br + O2 ^ 

HOCH2-CH-CF2-CF2Br (+M) 
HOCH2-CH(02)-CF2-CF2Br 
HOCH2-CHO-CF2-CF2Br +NO2 
CH2OH   + 0=CH-CF2-CF2Br 
0=CH2 + HO2 

CH2-CH(OH)-CF2-CF2Br (+M) 
C(02)H2-CH(OH)-CF2-CF2Br 
COH2-CH(OH)-CF2-CF2Br + NO2 
0=CH2 + CH(OH)-CF2-CF2Br 
0=CH-CF2-CF2Br + HO2 

Then 
0=CH-CF2-CF2Br + OH -> C(0)-CF2-CF2Br + H2O 
C(0)-CF2-CF2Br + O2 (+M) -> C(0)02-CF2-CF2Br (+ M) 
C(0)02-CF2-CF2Br + NO -> C(0)0-CF2-CF2Br + NO2 
C(0)0-CF2-CF2Br -> CO2 + CF2-CF2Br 
CF2-CF2Br + O2 -> BrCF2-CF202 
BrCF2-CF202 + NO -> BrCF2-CF20 + NO2 
BrCF2-CF20 -> BrCFa + CF2O 
BrCF2 + O2 —> BrCF202 
BrCF202 + NO —> BrCF20 + NO2 
BrCF20 —> CF2O + Br 
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The rate constants for the reactions of OH radicals with the fluorinated alkenes containing one Br atom 
(CFBr=CF2, CHBr=CF2, CH2=CBr-CF3, CH2=CBr-CF2-CF3, and CH2=CH-CF2-CF2Br), as well as 
CF2=CF2, were measured using the flash photolysis resonance fluorescence technique over the temperature 
range 250-370 K to give the following Arrhenius expressions: kc,r,B^T) - {2.02ll\l) x 10"'- exp{(396 ± 
18)/r} cm' molecule-' s"'; kcHT^uAT) = (1.30:I;o:ig) x  10"'^ exp{(370 ± 47)/r} cm'' molecule 
^CihFjBrCr) = (1.36!*jl) X I0-'2 exp{(317 ± 34)/71 cm' molecule-' s"'; kc,H,fMT) = (0.98:^;^^) x 10~'2 

s 

0~ 

exp{(369 ± 90)17} cm' molecule-' s-'; kcH.pM'^ ^ (O.^^ZH^ x IQ-'^ exp{(201 ± 46)/T} cm' 
molecule-' s"'; /tc,F/7) = (3.39!o:i2) x lO"'' exp{(323 ± 1 \)/T} cm' molecule-' s'K Ultraviolet absorption 
spectra of these brominated fluoroalkanes and bromoethene were measured between 164 and 276 nm. On the 
basis of these results, the atmospheric lifetimes were estimated to be 1.4, 2.4, 2.8, 3.2, 7.0, and 1.1 days, 
respectively. The general pattern of halolalkene reactivity toward OH is discussed. 

Introduction 

Despite their excellence as fire suppressants, the production 
of bromofluorocarbons (Halons) is being phased out because 
of the danger they pose to the Earth's stratospheric ozone layer. 
A number of nonbrominated substances have been proposed 
and tested, but the effort to find replacements continues to return 
to bromine-containing compounds because of the properties of 
bromine as a chemically active flame suppressant. One class 
of suppressants currently under consideration is the family of 
bromofluoroalkenes.' The presence of a carbon—carbon double 
bond is expected to render these substances highly reactive 
toward the hydroxyl radical, OH, resulting in an extremely short 
tropospheric lifetime, thereby limiting their delivery of bromine 
to the stratosphere where it can participate in ozone-destroying 
catalytic reactions. To quantify their atmospheric lifetimes, we 
have investigated the reactivity toward OH of five singly 
brominated fluoroalkenes, chosen to represent a variety of 
possible relative placements of bromine, fluorine, and hydrogen 
in relation to the double bond: CFBr=CF2, CHBr=CF2, CH2= 
CBr-CFj, CH2=CBr-CF2-CF3, and CH2=CH-CF2-CF2Br. 
Rate constants were measured over the temperature range 250 
to 370 K. We also investigated the reactivity of CF2=CF2 toward 
OH over this temperature range. In addition, we have measured 
the ultraviolet absorption spectra of all of these compounds and 
bromoethene, CHBr=CH2 down to 164 nm. 

Experimental Section 

Detailed descriptions of the apparatuses and the experimental 
methods used to measure the rate constants for the reactions of 

* To whom correspondence should be addressed. Also associated with 
the Institute of Energy Problems of Chemical Physics, Russian Academy 
of Sciences, Moscow 117829, Russia. 

* Present address: Laboratoire de Physicochimie des Processus de 
Combustion, UMR CNRS 8522, Universite des Sciences et Technologies 
de Lille, 59655 Villcneuve d'Ascq Cedex, France. 

the various fluorinated alkenes with OH and the alkene 
absoiption spectra are given in previous papers.^'* Therefore, 
only brief descriptions are given here.^' 

OH Reaction Rate Constant Measurements. The principal 
component of the flash photolysis—resonance fluorescence 
(FPRF) apparatus is a Pyrex reactor (of approximately 50 cm' 
internal volume) thcnriostated with water or ethanol circulated 
through its outer jacket. Reactions were studied in argon carrier 
gas (99.9995% purity) at a total pressure of 13.33 kPa (100.0 
Torr). Flows of dry argon, argon bubbled through water 
thenuostated at 276 K, and fluoroalkene mixtures (containing 
0.01%—0.1% of the reactant diluted with argon) were premixed 
and flowed through the reactor at a total flow rate between 0.6 
and 1.4 cm' s"', STP. The concentrations of the gases in the 
reactor were determined by measuring the mass flow rates and 
the total pressure with a MKS Baratron manometer. Flow rates 
of argon, the H20/argon mixture, and reactant/inert gas mixtures 
were measured by calibrated Tylan mass flow meters. Hydroxyl 
radicals were produced by the pulsed photolysis (1—4 Hz 
repetition rate) of H2O (introduced via the 276 K argon/H20 
bubbler) by a xenon flash lamp focused into the reactor. The 
radicals were then monitored by their resonance fluorescence 
near 308 nm, excited by a microwave-discharge resonance lamp 
(330 Pa or 2.5 TOIT of a ca. 2% mixmre of H2O in UHP helium) 
focused into the reactor center. The resonance fluorescence 
signal was recorded on a computer-based multichannel scanner 
(channel width 100/is) as a summation of 1000—5000 consecu- 
tive flashes. The radical decay signal at each reactant concentra- 
tion was analyzed as described by Orkin et al.' to obtain the 
first-order decay rate coefficient due to the reaction under study. 
At each temperature, the rate constant was determined from the 
slope of the decay rate versus haloalkene concentration plot 
using at least seven different concentrations. 

All samples, except tetrafluoroethene, were used as supplied 
afler several freeze/pump/thaw cycles. Bromoethene (CHBrCH2, 
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TABLE 1: Rate Constants Measured for the Reactions of OH with Haloalltenes 
k(T)," 10"'^ cm' molecule"' s"' (lialoalkene concentration range, 10'-' molecule/cm') 

r,K CF,=CF2 CFBr=CF2 CriBi-=CF2 Cn2=CBr-CF3        CH:=CBr-CF2-CFj        CH2=CH-CF2-CF2Br 

250 

272 

298 

330 

370 

12.3 ± 0.20 
(0,39-2.96) 

10.0 ±0.15 
(0.65-2.48) 

9.79 ± 0.22 
(0,39-2.96) 

8.67 ± 0.21 
(0.36-2.72) 

7.59 ±0.15 
(0.33-3.05) 

6.63 ±0.13 
(0.59-2.51) 

5.89 ± 0.37 
(0.26-1.53) 

5.79 ±0.15 
(0.77-6.60) 

5.05 ±0.10 
(1.43-5.44) 

4.43 ± 0.08 
(0.65-6.09) 

4.06 ± 0.05 
(1.19-5.52) 

3.55 ± 0.05 
(1.06-4.92) 

4.87 ± 0.08 
(0.78-4.52) 

4.33 ±0.15 
(1.43-5.44) 

3.88 ±0.15 
(1.31-7.59) 

3.55 ±0.10 
(0.59-5.50) 

3.22 ± 0.08 
(2.11-9.82) 

4.23 ±0.10 
(1.56-5.40) 

3.87 ±0.10 
(0.35-4.48) 

3.51 ± 0.07 
(0.66-5.23) 

2.92 ± 0.06 
(3.36-11.0) 

2.68 ± 0.08 
(2.11-9.82) 

1.92 ±0.06 
(3.12-15.2) 

1.65 ± 0.04 
(2.62-21.9) 

1.48 ±0.03 
(2.63-17.7) 

8.09 ±0.10 
(0.26-2.45) 

" Uncertainties represent statistical levels of confidence of 95% and do not include an estimated uncertainty of 4% associated with possible 
systematic errors. 

99.5% purity, Mathcson Gas Products). 1-bromo-2,2-difluoi-o- 
ethene (CHBrCFj, 99.5+% purity, Ozone, St. Petersburg. 
Russia), and bromotrinuoroethene (CFBrCFa, 99.5+% purity. 
Ozone, St. Petersburg, Russia) were used without any furtlier 
purification. Tetrafluorocthenc (CF2CF2, Union Carbide Corp.) 
was ca. 98% purity stabilized witli ca. 1% of a-pinene witli 
hcxafluorocyclopropanc (1%) and CO2 (0.2%) as tlic main 
impurities. 2-Bromo-3,3,3-trifluoropropene (CHzCBrCFj) and 
2-bromo-3,3,4,4,4-pentafluoro-1 -butene (CHnCBrCFiCFj) were 
at least 98% purity wirti corresponding bromine-free fluorinated 
alkenes as tlic main impurities (SynQucst Labs., Inc.). They 
could also contain corresponding 1-bromoalkenes and 1,2- 
dibromoalkancs as minor impurities. 4-Bromo-3,3,4,4-tctratluoro- 
1-butene (CH2CHCF2CF2Br, SynQuest Labs., Inc.) was at least 
98% purity with CH2CHCF2CF2CI and 2-methoxyethanol 
(CHj-O-C'Hi-CH^OH) as possible impurities. The presence 
of the above-mentioned halogenated hydrocarbon impurities 
could not result in a noticeable ovcrestiination of the measured 
rate constant because they are less reactive than the target 
compound. There are two impurities that cause concern: 
a-pinene and CH3-O-CH2-CH2OH. Their OH reaction rate 
constants at room temperature are ca. 6 X 10^" and 1.1 x 10"" 
cm' molecule"' s"', respectively,-'' and exceed the measured 
reaction rate constants of the target compounds, C2F4 and CH2- 
CHCF2CF2Br. A sample of CF2CF2 was purified by passing 
through a -100 °C cold trap to decrease the a-pinene 
concentration from ca. 1% to below 0.03% (determined by UV 
absorption analysis near 220 nm). GC analysis of a CI-I2CHCF2- 
CF2Br sample for the presence of 2-nicthoxyethanoI indicated 
less than ca. 0.1% of this impurity. Thus, these impurity levels 
are low enough to result in no noticeable overestimation of the 
measured rate constants (less than 0.2% and 1%> for C2F4 and 
CH2CHCF2CF2Br, respectively). 

UV Absorption Cross Section Measurements. The absorp- 
tion spectra of the bromofluoroalkencs were measured over 
the wavelength range of 160-280 nm using a single beam 
apparatus consisting of a 1-m vacuum monochromator equipped 
with a 600 lines/miu grating. The radiation source was a 
Hamamatsu LI385 deuterium lamp, and the detector was a 
Hamamatsu R166 pholomultiplier. Spectra were recorded at 
incretnents of 0.5 nm at a spectral slit width of 0.5 nm. The 
pressure inside the 16.9 ± 0.05 cm absoiption cell was measured 
by a MKS Baratron manometer at T = 295 ± 1 K. Absorp- 
tion spectra of the evacuated cell and of the cell filled with 
a gas sample were alternately recorded several times, and the 
absorption cross sections at the wavelength A were cal- 
culated as 

o(X) = 
i"{/o(A)//|„A]a)} 

[HA]L 

where [HA] is the concentration of haloalkenc in the absoiption 
cell with the optical path length L. /i)(A) and /[HAI(A) arc the 
radiation intensities measured after the absorption cell when the 
haloalkenc concentration was zero and [HA], respectively. The 
complete spectrum of each compound was constructed from data 
taken over several overlapping wavelength ranges. Data over 
each spectral range were obtained at several pressures to verify 
adherence to the Beer—Lainbert absorption law. The coincidence 
of the contiguous parts of spectra taken over overlapping 
wavelength ranges was usually better than ca. 1%. The overall 
instruinental error associated with uncertainties in the path 
length, pressure, temperature stability, and measured absorbance 
was estimated to be less than 2%i over most of the wavelength 
range, increasing to ca. 10%-20% at the long-wavelength ends 
of the spectra because of increased uncertainly in measuring 
low absorbance values. Different manometrically prepared 
mixtures containing 2%, 10%, and 100% of haloalkenes were 
used at total pressures in the cell ranging from 4 Pa to 120 kPa 
(0.03-900 Torr). There was no difference in the absorption 
cro.ss sections obtained with different mixtures, and their use 
allowed a wider dynamic range in absorption measurements. 

Results and Discussion 

Kinetics. Rate constants measured for the reactions of 
hydroxyl radicals with the five bromofluoroalkenes and CF2= 
CF2 at different temperatures are listed in Table 1. The data 
are presented graphically in Figure 1, and the derived Arrhenius 
parameters are listed in Table 2, along with available data froin 
the literature. To the best of our knowledge, there are no other 
results available on the reactivity of the bromofluoroalkenes 
studied in the present work. The CF2=CF2 reaction was studied 
at room temperature in two previous investigations*' (see Table 
2). A previous measurement from our laboratoiy* coincides with 
the present result. Acerboni et al.' ineasured the reaction by a 
relative rate technique with two different reference reactions. 
While their repotted average value of the rate constant exceeds 
the present results, the quoted uncertainty is much larger than 
the disagreement. 

The effect of fiuorination on alkene reactivity is quite 
complicated. Nevertheless, one can speculate on the correlation 
between reactivity and stnicture of these halogenated alkenes. 
The room-temperature rate constants for the reactions of these 
and some other bromine/fluorine-substitiited alkenes with the 
hydroxyl radical are listed in Table 3. Asyinmetric fiuorination 
of the olefinic carbon atom tends to lessen reactivity, whereas 
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TABLE 2: Arrhenius Parameters for OH Reactions of Br-Containing Fluoroalkenes and Their Estimated Atmospheric 
Lifetimes" 

molecule A X 10'-, 
cm' molecule"' s"' 

E/R ± AE/R, 
K 

yt(298) X 10'2 
cm' molecule"' s~ 

atmospheric 
lifetime, days* 

CF2=CF2 3.39 ± 0.22 -323 ± 11 9.98 ±0.15 
10.2 ±0.5'* 
11.3 ±3.3' 

CFBr=CF2 2.02 ±0.12 -396 ±18 7.62 ±0.15 

CIIBi-=CF2 1.30!St8 -370 ± 47 4.53 ±0.10 

CH2=CBr-CF3 i.36!»;|I -317 ±34 3.94 ±0.15 

CH2=CBr-CF2- "CF., 0.981^^ -369 ± 90 3.39 ±0.14 

CH2=CH-CF2- CFiBr 0.85«1^ -201 ± 46 1.68 ±0.05 

1.1 

1.4 
2.4 
2.8 
3.2 
7.0 

" Uncertainties represent statistical levels of confidence of 95% and do not include estimated systematic errors. * Atmospheric lifetimes were 
estimated in the manner typically used for long-lived compounds. Such estimations assume a uniform tropospheric distribution that is not correct 
for short-lived compounds. 
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Figure 1. Arrhenius plot showing the average rate constants for the 
reactions of OH with halogenated alkenes obtained at each temperature. 
The solid lines are the least-squares fits to the data points with the 
Arrhenius parameters presented in Table 2. 

TABLE 3: Hydroxyl Radical Reactivity toward Haloalkenes 

/t(298) X 10'2, 
molecule cm' molecule"' s"' ref 

CH2=CH2 9.0 20 
CH2=CHF 5.5 21 
CH2=CF2 2.0 22 
CF2=CF2 10. this work 
CHBr=CH2 7.0 21 
CFBr=CF2 7.6 this work 
CHBr=CF2 4.5 this work 
CH2=CH-CH3 30. 20 
CH2=CH-CF3 1.5 6 
CH2=CF-CF3 1.1 6 
CF2=CF-CF3 2.2 6 
CH2=CBr-CF3 3.9 this work 
CH2=CBr-CF2- -CF3 3.4 this work 
CH2=CH-CF2- CF2Br 1.7 this work 

further fluorination (yielding more symmetric substitution) 
compensates for the original deactivation. This can be seen from 
the reactivities of CH2CH2, CH2CF2, CHFCH2, and CF2CF2. 
This suggests that the alkene reactivity toward OH depends 
mainly on the geometrical localization of jr-elcctron density. 
The .;r-electron localization in the center of the C=C bond 
(CH2=CH2, CF2=CF2) promotes the OH addition reaction, 

10-2' 
160 180 200 220 

wavelength, nm 

240 260 

Figure 2. Ultraviolet absorption spectra of several CH2=CBr- 
containing haloalkenes and CH2=CH-CF2-CF2Br at T = 295 K. 
Absorption spectra of CHsBr,* CF3-CF2Br,' and CH2=CH-CF3^ are 
shown for comparison purposes. 

while the shift of the electron density toward the carbon atom 
(due to the high electron affinity of the F atom) obstnicts it. It 
is interesting that the —CF3 group adjacent to the double bond 
causes an even more pronounced deactivating effect than the 
F-atom despite the smaller electron affinity of —CF3 and longer 
distance from the C=C double bond. This suggests the 
importance of a geometrical factor, as well as the electron 
affinity of the substitute, on the delocalization of ;^-electrons. 

Bromination of the olefinic cai-bon located between the double 
bond and a fluorinated alkyl group increases the reactivity of 
fluorinated C„>3 alkenes, while Br on a remote carbon has 
essentially no effect. This suggests that the large electron rich 
Br atom shields the deactivating adjacent —CF3 (—C2F5) group. 

Ultraviolet Spectra. The ultraviolet absorption spectra of the 
halogenated alkenes obtained in this work are presented in 
Figures 2 and 3. The spectral data are provided in the Supporting 
Infonnation and at www.nist.gov/kinetics/spectra/index.htm. 
These UV spectra reflect the interaction between :n:-e!ectrons 
of the C=C double bond and the electrons of the bromine atom. 
The CH2=CBr— group has a very strong absorption with a 
maximum at 190—200 nm (see spectra for CH2CHBr, CH2- 
CBrCF3, and CH2CBrCF2CF3), which suppresses the distinctive 
shorter wavelength absorption of CH2=CH— group (see spec- 
trum for CH2CHCF3 in Figure 2). The absorption in the 
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Figure 3. Ultraviolet absorption spectra of CF2=CFBr and CF2=CHBr 
at 7"= 295 K. Absorption spectra of bromofluoroalkanes'"' are shown 
for comparison purposes. 

maximum is about 1.5 orders of magnitude higher than that of 
a bromoalkanc such as CHsBr* and is the strongest absoiption 
exhibited by any brominated hydrocarbon in the region of the 
stratospheric transparency window near 200 nm. In contrast, 
the spectrum of CH2=CH-CF2-CF2Br appears to be a 
supciposition of absorjition by a tluoroalkene'' (such as CH2- 
CHCF3) and a bromofluoroalkane (such as CFsCF^Br'). The 
absorption spectra of Br-containing fluorinated ethenes (CHBr= 
CF2 and CFBr=CF2) are presented in Figure 3. In contrast with 
the CH2=CBr— group, they exhibit a less-pronounced absorp- 
tion at 190-200 nm while showing much stronger absorption 
at the shorter wavelengths. Their longest wavelength absorption 
bands are of slightly higher intensity than those of bromofluo- 
roethanes''"' and are about 20-30 nm red-shifted (see Figure 
3). 

Atmospheric Implications. The atmospheric lifetimes of the 
alkenes under study can be estimated on the basis of the 
photochemical properties obtained in the present work. All of 
the compounds arc veiy reactive toward OH, while their 
absorption cross sectiojis for tropospheric UV radiation (above 
290 nm) are negligible. Therefore, the reactions with hydroxyl 
radicals in the troposphere dictate their atmospheric lifetimes. 
A simple scaling procedure has proven to be valid for relatively 
long-lived compounds that are well-mixed throughout the 
troposphere. For such chemicals, lifetimes can be estimated 
using the equation" 

,0H . W270) 

^i(270) ' 
.OH 

where zf and T^C are the atmospheric lifetimes of the 
compound of interest and methyl chloroform (MC), respectively, 
due to reactions with hydroxyl radicals in the troposphere only 
and A-i(270) and /fMc(270) = 5.78 x 10"'^ cm' molecule^' s"' 
(rcf 8) arc the rate constants for the reactions of OH with these 
substances at T = 270 K. The value of T",C was obtained 
following the procedure used by Prinn et al.'- from the measured 
lifetime of MC, TMC = 4.8 years, when an ocean loss of 85 
years and a stratospheric loss of 37 years are taken into account. 
Applying this method to the alkenes of this study yields the 

Orkin et al. 

estimated atmospheric lifetimes listed in Table 2. As can be 
seen, the lifetimes derived here arc very short, much shorter 
than the characteristic time of mixing processes in the tropo- 
sphere, and hence are only crude estimates. The correct residence 
time of the compounds in the atmosphere will depend on the 
emission location and season, as well as local atmospheric 
conditions. Nevertheless, these estimations give a useful scaling 
among these alkenes and demonstrate that they are extremely 
short-lived in the atmosphere. 

Note that these calculated lifetimes reflect the globally 
averaged sink for a compound due to its reaction with OH in 
the troposphere and, therefore, lie between the shortest local 
lifetimes in the tropical region and longest ones at high latitudes. 
Such lifetimes have clear physical meaning for long-lived 
chemicals that are well mixed in the troposphere following their 
emission. Such lifetimes can be used for quantitative analysis 
of chemical concentrations in the atmosphere. In the case of 
short-lived compounds, these calculated parameters should lie 
between the atmospheric lifetimes in the tropical and high 
latitude areas. Calculation of the entire range of real atmospheric 
lifetimes requires detailed 3-D modeling. In two recent papers, 
3-D modeling was performed to study the atmospheric fate of 
I-bromopropanc, a short-lived compound with an estimated 
lifetime of 14.4 days using the above-mentioned scaling 
procedure. The detailed calculations resulted in lifetime ranges 
of 8-24 days'' and 9-19.5 days'"* with the shorter values 
corresponding to tropical emission and the longer ones to 
emission at higher latitudes. 

Using these rough lifetime estimates together with the 
measured UV absoiption spectra, one can calculate approximate 
ozone depletion potentials (ODPs) for these chemicals. On the 
basis of an ODP for CFsBr of 13 and a lifetime of 65 years,'-' 
ODP values considerably smaller than 0.01 are obtained for the 
bromofluoroalkcncs studied. The determination of the correct 
ODP values requires 3D modeling calculations that consider 
local emission conditions. Moreover, based on the shortness of 
the lifetimes of the alkenes themselves, correct ODP values must 
take into account the lifetimes of any bromine-containing 
products resulting from the tropospheric oxidation of the alkenes. 
Therefore, it is important to estimate the total lifetime of Br 
atoms in the form of volatile degradation products produced in 
the oxidation processes initiated by the reactions of OH with 
Br-containing fluoroalkenes. 

We can speculate on a possible degradation mechanism for 
Br-containing fluorinated alkenes in the atmosphere. It is 
worthwhile to point out that the production of a relatively long- 
lived bromine-containing degradation product is not likely for 
a compound with a brominated olefinic carbon (i.e., all of the 
bromoalkenes studied in the present work, except CH2=CH— 
CF2-CF2Br). Because of the relatively weak C-Br bound, the 
Br atom can be quickly ejected to form either a carbonyl (C= 
O) or a hydroxyalkene (C=C-OH), depending on which 
olefinic carbon acquired OH in the initial addition reaction. Note 
that analogous processes are known in the oxidation of 
chlorinated compounds. Thus, C=0 fomiation and Cl atom 
release are a part of kinetic scheme for the decomposition of 
hydrochlorofluoroalkanes (HCFCs) in the atmosphere.'* Along 
similar lines, the release of Cl atom following the reaction of 
OH with /rfl;w-l,2-dichloroethene (CHC1=CHC1) has been 
directly observed." In accordance with the kinetic scheme 
shown in Figure 4, the Br atom will probably be released 
immediately after the initial reaction between OH and bromi- 
nated alkene in the lower troposphere (probably within minutes 
in the ease of the C=0 fonnation channel). Fuithermore, 
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Figure 4. Kinetic scheme for the degradation of bromoalkenes of the 
form C=C—Br in the atmosphere. 

haioalkylperoxynitrate formation cannot significantly increase 
the lifetime of bound bromine and therefore its transport to the 
stratosphere because of the short lifetime of such compounds 
due to theiTTiai decomposition.'*" 
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The rate constants for the reactions of OH radicals with the 1-bromopropane, 2-bromopropane, and propane 
were measured using the flash photolysis resonance fluorescence technique over the temperature range between 
210 and 480 K. Arrhenius plots exhibit a noticeable cui-vature, and the rate constants can be represented 
using a three-parameter modified Arrhenius expression over the temperature range of the experiments with 
ca. 2% precision. Such a fit also describes the available high-temperature data for propane quite well. The 
best three-parameter fits to the data are: kc,Hi,(T)- 1.96 x 10"'- x (T/298)'''' x exp{-167/7} cm^ molecule" 
s''; k„t'dT) = 2.99 X 10"'^ X (T/298y-'« x exp{+369fr} cm^ molecule" niT) = 1.66 X 10" 
X (T/298)-'^ X exp{+461/Z} cm'' molecule"' s~'. For the low temperature range of atmospheric interest, the 
reaction rate constants can be accurately presented by standard Arrhenius expressions. Based on the available 
low-temperature data the following rate constants can be recommended for the purpose of atmospheric 
modeling: kc,H,(T < 300 K) = 8.66 x lO''^ x exp{-615/r} cm^ molecule"' s"'; k,,m(T < 300 K) = 3.03 
X 10-'2 x exp{-330/r} cm^ molecule"' s"'; km(T < 300 K) = 1.77 x lO"'^ x exp{-260/r} cm' molecule"' 
s"'. Atmospheric lifetimes were estimated to be ca. 14, 14, and 19 days for CH3CH2CH3, CH2BrCH2CH3, 
and CH3CHBrCH3, respectively. The ultraviolet absorption spectra of these bromopropanes were measured 
between 164 and 270 nm. 

Introduction 

Brominated alkanes are the primarj' source gases for bromine 
in the stratosphere where bromine participates in the catalytic 
destruction of ozone. The production of industrial bromine 
containing halocarbons is consequently being phased out under 
the provisions of the Montreal Protocol and its Amendments. 
Nevertheless, a few Br-containing compounds are still in use 
or are under consideration for use in industrial applications due 
to their possible environmental acceptability as a result of their 
extremely short residence times in the atmosphere. One of them, 
CH2Br—CH2—CH3 (1-bromopropane, «-propyl bromide, nPB) 
is an industrial cleaning solvent. Previous kinetic studies'"'' of 
the reaction of nPB with hydroxyl radicals and atmospheric 
model calculations'"^ indicated its atmospheric lifetime to be 
as short as 8—34 days. However, the spread among the available 
kinetic data at room temperamre and above was ca. 30%, and 
the temperatiu-e dependence was not well determined. While 
the present work was in progress, new rate constant measure- 
ments and a reaction mechanism snidy^ was conducted that 
decreased these uncertainties. Taking into account the practical 
importance of this reaction and the possibility of curvature of 
the Arrhenius temperature dependence due to different reaction 
sites available for OH attack, we investigated the reaction of 
OH + «-propyl bromide over a wide temperature range (210— 
480 K) in order to better assess the temperature dependence of 
the rate constant. 

The rate constants for reactions of OH with CH3—CHBr— 
CH3, (2-bromopropane, isopropyl bromide, iPB) and propane 
(CH3—CH2—CH3) were also investigated over the same tem- 
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Sciences, Moscow, 117334, Russia. 
J Also associated with the Institute of Energy Problems of Chemical 

Physics, Russian Academy of Sciences, Moscow, 117829, Ru.ssia. 

perature interval. The isopropyl bromide reaction has been 
investigated in some of the earlier mentioned studies.''^* 

The reaction of OH with propane has been intensively studied 
over the past 35 years' and its value at room temperature is 
well established. There are also four fairly recent studies at 
temperatures below 300 K by different research groups using 
different experimental methods including pulse techniques,'"'" 
a flow technique (high-pressure turbulent flow),'^ and a relative 
technique.'^ Thus, this reaction presents a good opportunity to 
examine measurement accuracy in the determination of OH 
reaction rate constants for very reactive hydrohalocarbons. Thus, 
we report the results of our measurements of the OH -I- propane 
reaction obtained over a temperature interval that includes low 
temperatures of atmospheric interest and extends far enough 
above the room temperature to be compared with the results of 
higher temperature measurements. 

While the reactions with hydroxyl radicals dictate the 
residence time of bromoalkanes in the atmosphere, their 
photolysis in the stratosphere also releases Br atoms that trigger 
the destruction of stratospheric ozone. To complete the photo- 
chemical information related to the atmospheric fate of bro- 
mopropanes, we have measured their ultraviolet absorption 
spectra between 164 and 270 nm. 

Experimental Section 

Detailed descriptions of the apparatus and the experimental 
methods used to measure the rate constants for the reactions 
with OH and absorption spectra of the bromopropanes are given 
in previous papers.'''"''' Therefore, only brief descriptions are 
given here. 

OH Reaction Rate Constant Measurements. The principal 
component of the flash photolysis—resonance fluorescence 
(FPRF) apparatus is a Pyrex reactor (of approximately 50 cm' 
internal volume) themiostated with methanol, water, or mineral 

10.1021/jp021806j   This article not subject to U.S. Copyright.   Published 2003 by the American Chemical Society 
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TABLE 1:  Molar Concentration of the Main Detected Impurities in Biomopropane Samples" 

compound 

«-propyl bromide isopropyl bromide 

main impurities original sample (99%) after GC purification main impurities 99.2% sample 99.8+% sample 

propene 0,007% 
acetone 0.02% 
chloropropanc 0.02% 
propanol 0.09% 
isopropyl bromide 0.17% 
di-«-propyl ether 0.34% 
toluene 0.02% 
1 -bromopenlane 0.04% 
1,2-dibromopropane 0. Oi% 

"The italicized values were obtained without direct calibration of GC with the sample of the compound by accepting the sensitivity to closest 
analogues. '' The result of analysis of liquid phase. Approximately 5% of propene was detected in the vapor phase of this sample. 

propene 
acetone 

U. 1 bVa" 
0.05% 

(■-propanol 0.20% 0.09% 
bromoelhane 0.01% 

0.01% di-(-propyl ether 0.021% 0.017%, 
0.005% H-propyl bromide 0.04% 0.05% 

1.2-dibromopropane 0.1% 0.09% 

oil circulated through its outer jacket. Reactions were studied 
in argon carrier gas (99.9995% purity) at a total pressure of 
4.00 kPa (30.0 Torr). Flows of dry argon, argon bubbled througli 
water thcrmostatcd at 276 K, and (bronio)propanc mixtures 
(containing 0.05% or 0.1 % of the reactant diluted with argon) 
were premixed and flowed through the reactor at a total flow- 
rate between 0,3 and 0.6 cm'* s ', STP. Flow rates of argon, 
the H20/argon mixture, and reactant/inert gas mixtures were 
measured by Tylan mass flow meters calibrated for each gas 
mixture. The concentrations of the gases in the reactor were 
calculated from the flow rates and the total pressure measured 
with a MKS Baratron manometer. 

Uncertainties due to systeinatic effects in our measurements 
can be associated with such procedures as the absolute calibra- 
tion of the MKS Baratron manometer (which measures the 
pressure in the reaction cell), the calibrations of the three Tylan 
mass flow meters (argon, argon/water, and reactant inixture 
flows), and the temperature stability and measurements in the 
reaction cell. The stated accuracy of the reaction cell manometer 
(ca. 0.1%) was verified by its absolute calibi-ation. The 
manotneters used to prepare the reactant mixtures were inter- 
calibrated and their linearity was found to be accurate to within 
ca. 0.2%. All mass flow meters were calibrated by measuring 
the rate of pressure change in the reaction cell (an additional 
volume was connected for larger flow rates) isolated from the 
vacuuin pump. These calibrations were usually reproducible 
within 0.5-1%. The determination of the reactant concentration 
in the cell only requires relative gas flow rates and one absolute 
pressure measurement. In addition, we verified the composition 
of the bromopropanc mixUires in the storage bulbs by comparing 
the measured UV absorption between 166 and 171 nm for the 
mixture with that for a corresponding amount of pure bromo- 
propanc. For example, the absorption of 25 Torr of 0.100% 
mixture of HBP in argon was compared with the absorption of 
0,0250 ToiT of pure /;BP, Such comparison revealed no 
difference within the precision of these absorption measurements 
(estimated as ca, 0.5%). The uncertainty of the temperature in 
the reaction cell was around 0.3 K between 250 and 370 K. 
This increased to about 1 K at the low temperature end and to 
about 2 K at the high temperature end of the temperature range 
used in this study due primarily to temperature fluctuations. The 
relative eiror that can be introduced by the gas temperature 
fluctuations is decreased essentially by the opposite temperature 
dependencies of the reactant concentration and the measured 
rate con.stant. To quantify the combined uncertainty associated 
with our experimental procedure, we added the square root of 
the .sum-of-the-squares of the flow meter calibration uncertain- 
ties to the other uncertainties mentioned above. Thus we estimate 
the expanded uncertainty due to possible instrumental effects 
to be ca, 4% (95%) confidence interval). 

Hydroxyl radicals were produced by the pulsed photolysis 
(1-4 Hz repetition rate) of H2O (introduced via the 276 K argon/ 
H2O bubbler) by a xenon flash lamp focused into the reactor. 
Earlier studies with this apparatus indicated that the initial OH 
concentration was of the order of 10" molecule/cml The initial 
concentration was increased by up to a factor of between 4 and 
20 by variation in the flash intensity and/or H2O concentration. 
The variation in flash intensity and H2O concentration serves 
as a diagncstie for kinetic en'ors associated with the reactions 
of OH with either primai7 reaction products or with products 
from the possible photolysis of the reactant,'*' No statistically 
significant difference was observed in the rate constants obtained 
over most of the range of this variation. Differences of up to 
5%) could be obtained only at the highest concentration of H2O 
coupled with the highest flash intensity. Nevertheless, all kinetic 
experiments were conducted at lowest values of both the flash 
energy and HjO concentration. 

The OH radicals were monitored by their resonance fluores- 
cence near 308 nin, excited by a microwave-discharge resonance 
lamp (330 Pa or 2,5 Torr of a ca, 2% mixture of H2O in UHP 
helium) focused into the reactor center. The resonance fluores- 
cence signal was recorded on a computer-based multichannel 
scanner (channel width lOO^s) as a summation of 500 to 5000 
consecutive flashes. The resonance fluorescence decay at each 
reactant concentration was analyzed as described by Orkin et 
al," to obtain the first-order decay rate coefficient (10 to 350 
s"') due to the reaction under study. At each temperature the 
rate constant was determined from the slope of a plot of the 
decay rate versus (bromo) propane concentration. The concen- 
tration ranges and number of determinations used at each 
temperature are given in Table 2, 

UV Absorption Cross Section Measurements. The absorp- 
tion spectra of undiluted bromopropanes and methyl bromide 
(measured for comparison) were obtained over the wavelength 
range of 164 nm to 270 nm using a single-beam apparatus 
consisting of a 1 -m vacuum monochromator equipped with a 
600 lines/iTim grating. The radiation source was a Hamamatsu 
L1385 deuterium lamp, and the detector was a Hamamatsu R166 
photomultiplier. Spectra were recorded at increments of 0,5 nm 
at a spectral slit width of 0.5 nm. The pressure inside the 16.9 
± 0.05 cm absorption cell was measured by a MKS Baratron 
manoineter at 7" = 295 ± I K, Absoiption spectra of the 
evacuated cell and of the cell filled with a gas sample were 
alternately recorded several times, and the absoiption cross 
sections at the wavelength X were calculated as 

a(A): 
hi{/o(A)//pp](A)} 

[BP] X L 

where [BP]  is the concentration  of bromopropane in the 
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TABLE 2: Rate Constants Measured in the Present Work 
for the Reactions of OH with n- and j-Bromopropane and 
Propane" 

k(T),'' 10-13 cm' molecule"' s ' 

temp, K CH2Bi-CH:-CH3 CHj-CHBi-CH., CH3-CH2-CH., 

210 6.40 ± 0.24 5.1 ± 0.3 4.6 ± 0.2 
0.33-1.5 (13) 0.33-1.8(10) 0.66-2.3(11) 

220 6.78 ± 0.40 5.45 ± 0.10 5.39 ± 0.07 
0.62-2.2(4) 0.32-2.2(14) 033-2.2 (8) 

230 7.33 ±0.18 6.00 ± 0.10 5.79 ± 0.09 
0.32-2.1(12) 0.16-2.8(35) 0.32-2.1 (17) 

250 8.08 ± 0.08 6.37 ± 0.10 7.32 ± 0.12 
0.56-2.6 (12) 0.29-2.5 (25) 0.29-2.0(17) 

272 9.15 ±0.09 6.87 ± 0.10 8.84 ± 0.16 
0.51-2.4(12) 0.26-2.4 (30) 0.26-1.8 (15) 

298 10.1 ±0.15 7.58 ±0.12 11.3 ±0.2 
0:26-1.8 (28) 0.24-1.6(17) 0.12-0.82(22) 

330 11.8 ±0.2 8.85 ± 0.20 14.3 ± 0.3 
0.42-1.5(8) 0.13-1.5(21) 0.24-0.84(8) 

370 14.8 ± 0.5 10.9 ± 0.2 18.6 ± 0.5 
019-1.3(7) 0.11-1.2(27) 0.22-7.5(9) 

420 19.0 ± 0.3 13.5 ± 0.3 24.3 ± 0.4 
012-0.83(18) 0.13-1.6(24) 0.20-1.0(20) 

480 24.2 ± 0.5 17.7 ± 0.3 33.4 ± 0.7 
0.081-0.68(28) 016-1.6(41) 016-1.1(16) 

"The italicized values represent reactant concentration range, 10''' 
molecule/cm^ (number of points in parentheses). ' Uncertainties rep- 
resent statistical levels of confidence of 95% and do not include an 
estimated uncertainty of 4% associated with possible systematic errors. 

absorption cell with the optical path length L. Io(X) and l[\i?]0-) 
are the radiation intensities measured after the absorption cell 
when the bromopropane concentration was zero and [BP], 
respectively. The complete spectrum of each compound was 
constructed from data taken over several overlapping wavelength 
ranges. Data over each spectral range were obtained at 5 to 6 
pressures of each bromoalkane to verify adherence to the Beer^ 
Lambert absorption law. The total range of reactant pressures 
used for these measurements was 6.7 Pa to 20 kPa (0.05 Torr 
to 150 TOIT). The coincidence of the contiguous parts of spectra 
taken over overlapping wavelength ranges was usually better 
than ca. 1%. The overall instrumental eiTor associated with 
uncertainties in the path length, pressure, temperature stability, 
and the measured absorbance was estimated to be less than 2% 
over most of the wavelength range (up to 250 nm), increasing 
to ca. 10-20% above 250 nm due to increased uncertainty in 
measuring low absorbance values. 

Reactants. The sample of n-propyl bromide (99% stated 
purity) and two samples of isopropyl bromide (99.2% and 99.8% 
stated purity) were obtained from Sigma-Aldrich Co. The sample 
of propane was obtained from MG Scientific gases. Our GC- 
MS and GC-FID analysis of the propane sample revealed ca. 
0.04% of isobutane, the only reactive impurity presented in 
noticeable amount. The presence of isobutane at such a low 
level can result in an overestimation of the measured rate 
constant by only 0.2% at the lowest temperature in this study.' 
Propene and ethene are the most undesirable reactive impurities 
that can be present in propane, since their OH reaction rate 
constants are approximately 3 x 10"" cm' molecule"' s"' and 
1.5 X 10""" cm' molecule""' s"', respectively at 210 K.' 
Fortunately, their presence can be easily detected by their 
extremely strong absorption near 170 nm," Therefore, in 
addition to GC analysis, we also measured the absorption 
spectnam of the propane sample between 165 and 175 nm in 
order to check for the possible presence of alkenes. Based on 
the results of UV absorption measurements, we conclude that 
the concentration of neither ethene nor propene exceeds 0.003% 
in the sample of propane. This level of alkene impurities cannot 

cause any noticeable overestimation of the measured rate 
constant. Therefore, we used this sample without further 
purification after several freeze/pump/thaw cycles. 

We analyzed the samples of nPB and iPB using GC-MS and 
GC coupled with a themioconductivity detector. Results of these 
analyses are presented in Table 1. The GCs were calibrated by 
direct injections of the chemicals whose impurity levels could 
cause the greatest kinetic concern; propene, acetone, propanol, 
2-propanol, toluene, and di-«-propyl ether. Other impurities 
should have an OH reactivity comparable with that of the 
bromopropanes under study and, therefore, cannot result in any 
noticeable overestimation of the measured rate constants. 
Another possible complication in the study of brominated 
compounds is contamination with molecular bromine, which is 
very reactive toward OH radicals.' Fortunately, because Bra 
absorbs visible light, even a contamination level as low as ca. 
0.01% is readily visible with the naked eye in transparent liquid 
samples. Analysis of the liquid samples of bromopropanes using 
a spectrophotometer revealed no absorption near 400 nm, 
thereby allowing us to estimate the bromine concentration to 
be less than ca. 0.002%. All experiments were perfoiined with 
mixtures prepared from the liquid phase of the samples to ensure 
the absence of en-ors due to any impurities. 

To eliminate errors associated with the presence of the 
reactive impurities we purified the nPB sample using a 
preparative scale gas chromatograph. Results of GC analyses 
of the purified sample are presented in Table 1. The residual 
impurities cannot result in any overestimation of the measured 
rate constant, and this purified sample was used for both kinetic 
and spectral measurements. In the case of iPB, we performed 
diagnostic measurements with both samples of different purity. 
At 220 K where the kinetic effect of impurities would be the 
greatest, the rate constant obtained using the 99.2% purity 
sample was about 10% larger than that obtained using the 
99.8+% purity sample. This difference could be quantitatively 
assigned to OH reactions with the impurities at the abundances 
listed in Table 1 (with propene contributing approximately 80% 
of this difference and i-propanol the remainder). Consequently, 
all of the kinetic (and spectral) data reported here for iPB were 
obtained using mixtures prepared from the liquid phase of the 
99.8+% purity sample. For both the kinetic and spectral 
measurements all bromopropane samples were used after 
outgassing by several frecze/pump/thaw cycles. 

Results and Discussion 

The rate constants obtained for the title reactions are presented 
in Table 2. Figure 1 a shows the data obtained for propane along 
with the resuhs of previous studies that were conducted below 
room temperature. The data obtained for w-propyl bromide and 
isopropyl bromide are presented graphically in Figures 2 and 
3, respectively, along with those available from the literature. 
All three figures clearly illustrate that the Arrhenius plots for 
these reactions exhibit noticeable curvature over the temperature 
range of our study. 

OH + CH3—CH2—CHj. An'henius curvature has been 
reported by all groups who studied this reaction below room 
temperature using absolute techniques. A three-parameter fit to 
our data yields the following expression: 

^C,H/?)^ 1.96 X 10"'- X (77298)'-^^ x 

exp{-167/T}cm-''molecule 's ' (1) 

This expression gives the rate constants that are within 1.7% 
of the values measured in the present work and reported in Table 
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Figure 1. (a) Arrhenius plot for the reaction of OH with propane, (b) 
Rate constants for the reaction of OH with propane normalized to a 
three-parameter fit to the data from the present work. 

2 (except for kc,ih (220 K), whieh is 2.5% higher). These 
deviations are smaller than the 95% statistical confidence 
intervals of individual detcmiinations (again, except for /fCjHs 
(220 K), which has the 95% confidence interval of 1.2%). 
Although derived from data below 480 K one can sec from 
Figure 1 a that this three-parameter fit reasonably describes the 
results of the higher temperature measurements including the 
latest and most comprehensive study," whieh was performed 
over the temperature interval between 293 and 854 K and 
probably supersedes the earlier results from the same labora- 
toi7^° (less than 4% deviation below 430 K, which increases 
up to 16% at 854 K.). This extrapolation agrees even with the 
available results of measurements at highest temperatures 7* = 
1075 K-' and T = 1220 K" (deviations are 25%. and 16% 
respectively, well within the uncertainty of measurements). 

Figure lb shows all of the low-temperature data available in 
the literature normalized to the rate constants calculated from 
eq I. One can see that the results of all absolute measurements 
below ca. 350 K agree with the above presentation to better 
than ea. 4% and their spread in Figure lb is essentially random. 
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Figure 2. Arrhenius plot for the reaction of OH with n-propyl bromide. 
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Figure 3. Arrhenius plot for the reaction of OH with isopropyl 
bromide. 
The results of the relative rate measurements'^ show no 
Arrhenius cun'aUtre and agree with the absolute data near room 
temperature with differences increasing to 10-11% at both 
lower and higher temperatures. This is seen from a parabolic 
shape of these data as presented in Figure lb, which is 
suggestive of possible systematic errors in the measurements. 
For example, while the results of relative measurements 
accumulate the uncertainty of the reference reaction (OH + CiHe 
in this particular case) along with their ov^^^ possible instrumental 
error, no simple renormalization of the relative rate data will 
bring them into coincidence with the absolute studies. Recal- 
culating the ratios reported in ref 13 using the rate constant for 
the reference reaction from the latest OH + C2H6 study 
performed over a temperature interval mainly below room 
temperature'- decreases the low-temperature deviation to less 
than 7%i while increasing the discrepancy above room temper- 
atiues. This is because all smdies of the OH + C2H5 rate 
constant show essentially linear behavior of the Arrhenius plots 
as do the rate constant ratios (kcyajficiiu) obtained in ref 13. 
We, thus, conclude that the rate constant for the reaction between 
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OH and propane has been well established by absolute measure- 
ment techniques over the temperature range of atmospheric 
interest and that the relative rate data from ref 13 underestimate 
the Arrhenius curvature. 

Our data on the OH reaction with propane between 298 and 
210 K can be represented by the standard Arrhenius expression 
with ^(298 K) = 1.10 x IQ-'^ cm' molecule"' s"' and E/R = 
624 K. 

All of the literature data below room-temperaUire yield about 
the same E/R factors (613 K,'o 613 K," and 608 K'^), except 
those obtained by a relative rate technique'' that yields E/R = 
745 K. Based on a combined fit to the data obtained at and 
below room temperature using absolute techniques, we recom- 
mend the following Arrhenius expression for use in atmo.spheric 
modeling: 

ic,„/r<300K) = 

8.66 X 10"'^ exp{-615/7"} cm^ molecule"'s"' (2) 

OH + CH2Br-CH2-CH3. The results obtained in the 
present work for the reaction between OH and n-propyl bromide 
are shown in Figure 2 together with existing literature data. A 
three-parameter fit to our data results in the following expres- 
sion: 

A„pB(r) = 2.99 X 10"'^ exp{+369/7} x 

(77298) ■^^' cm'' molecule ' s ' (3) 

which gives the rate constants that are within 2% of the 
measured values reported in Table 2. Our results lie in the 
middle of the complete database for this reaction. Despite their 
higher scatter, most of the previously reported data are within 
10% of the best fit to our results. In particular, our results are 
in very good agreement with the results of the discharge flow— 
LIF study reported in rcf 3. A vei7 recent paper by Gilles et 
al." reports new results obtained between 230 and 360 K that 
probably supersede the previously reported data from the same 
laboratory" and are in better agreement with our data. As with 
propane, the data at and below room temperature are reasonably 
represented by a standard AiThenius expression. A fit to the 
complete data set over this temperature region yields the 
expression 

^„PB(r<300K) = 

3.03 x 10"'^ exp{-330/r}cm^ molecule"' s"' (4) 

This expression provides values for inPB(298 K) and E/R 
identical with those obtained in this work and can be recom- 
mended for atmospheric modeling purposes. Using the param- 
eterization of the NASA Panel for Data Evaluation, we 
recommend ^nPB(298 K) = 1.00 10"'^ cm' molecule"' s"' and 
E/R = 330 K with an uncertainty factor (ICT) of 

/„PB(7)=l.lxexp{50x|^-2|g|} (5) 

OH + CHj-CHBr-CHs. An An-henius plot for this 
reaction also exhibits noticeable cur\'ature and a three-parameter 
fit to our data results in the following expression: 

AipB(r) = 1.66 x 10"'^ exp{+461/r} x 

(77298)^-'' cm^ molecule"' $"' (6) 

which gives rate constants that are within 4% of the values 
measured in the present work and reported in Table 2. The result 
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Figure 4. Ultraviolet absorption spectra for n-propyl bromide (solid 
thick line), isopropyl bromide (solid thin line), and methyl bromide 
(dashed line). 

of this fit is shown in Figure 3 along with our data and data 
from the literature. 

Our results for this reaction are in very good agreement with 
those reported in ref 4, the agreement being better than 4.5%, 
except at the highest temperature reported in ref 4 where it is 
11%. The results of two other studies''' are systematically higher 
and the discrepancy with our data is greater than in the case of 
the CH2Br-CH2-CH3 reaction. 

The data at and below room temperature can be represented 
by a standard Arrhenius expression. A combined fit to our data 
and those from ref 4 yield the following expression, which is 
recommended for atmospheric modeling purposes: 

*iPB(r<300K)- 

1.77 X 10"'^ exp{-260/r} cm^ molecule"' s"' (7) 

Using the parameterization of the NASA  Panel for Data 
Evaluation, this corresponds to i'iPB(298 K) = 7.4 x 10 " cm' 
molecule"' s""' and E/R = 260 K, with an uncertainty factor 
(la) of 

^B(7)=1.15xexp{50x|i-^|} (8) 

Ultraviolet Spectra. The ultraviolet absorption spectra of 
bromopropanes obtained in this work are presented in Figure 4 
along with the spectrum of CHaBr for comparison. We measured 
the CHsBr spectrum between 164 and 180 nm and accepted 
the latest recommendation^' between 180 and 270 nm. All three 
spectra look alike and have the same features at the shortest 
wavelengths characterizing the C—Br band absorption in 
alkanes. Table 3 lists the measured absorption cross sections 
with a step of 2 nm over the stratospheric transparency window 
near 200 nm. The detailed absorption cross sections over entire 
wavelength range are available in the Supporting Infonnation 
and at www.nist.gov/kinetics/spectra/index.htm. 

Atmospheric Implications. The atmospheric lifetimes of 
singly brominated propanes can be estimated based on the 
photochemical properties obtained in the present work. These 
compounds are very reactive toward OH while their absorption 
cross sections for tropospheric UV radiation (above 290 nm) 
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TABLE 3: Absorption Cross Sections of Bromopropanes 
between 180 and 230 nm at r = 295 K 

wavelength, 
nm 

absorption cross section, 10 ", cmVmoleculc 

CllaBr-CIh-CIl, CH3-ClIBr-CH., 

22.02 
3.65 
1.82 
1.76 
1.94 
2.21 
2.48 
2.80 
3.13 
3.43 
3.73 
3.99 
4.20 
4.35 
4.42 
4.42 
4.36 
4.22 
4.01 
3.74 
3.41 
3.07 
2.71 
2.36 
2.02 
1.68 

are negligible (i.e., they are < 10"^^ cm^/moiecule and the 
chemicals are not photolyzed in the troposphere). However, 
accurate values of the shorter wavelength UV cross sections 
are required for calculating bromine release from nPB and iPB 
in the stratosphere and the ozone depletion potentials of such 
compounds. 

The reactions with hydroxyl radicals in tlie troposphere thus 
dictate the atmospheric lifetimes of propane, «-propyl bromide, 
and isopropyl bromide. A simple scaling procedure has been 
proved to be valid for relatively long-lived compounds that are 
well mixed throughout the troposphere. For such chemicals, 
lifetiines can be estimated using the equation^"* 

180 10.85 
182 2.99 
184 2.95 
186 3.56 
188 4.27 
190 4.98 
192 5.65 
194 6.25 
196 6.70 
198 7.02 
200 7.18 
202 7.26 
204 7.12 
206 6.88 
208 6.52 
210 6.10 
212 5.65 
214 5.15 
216 4.66 
218 4.14 
220 3.58 
222 3.08 
224 2.60 
226 2.18 
228 1.78 
230 1.44 

.AMC(272) 

A-i(272) 
OH 

(9) 

where r" and T!;,^- = 5.9 years are the atmospheric lifetimes 
of the compound of interest and methyl chlorofomi (MC), 
respectively, due to reactions with hydroxyl radicals in the 
troposphere only, and h(212) and kMc(212) = 6.0 x IQ-'^ cm^ 
molecule"' s"' (ref 23) are the rate constants for the reactions 
of OH with these substances at T=272 K. The value ofr^^" = 
5.9 years was obtained following the procedure used by Prinn 
et al.^' from the measured lifetime of MC, TMC — 4.8 years, 
when an ocean loss of 85 years and a stratospheric loss of 37 
years are taken into account. Applying this method to the title 
compounds of this study yields the estimated atmospheric 
lifetimes of 14 days, 14 days, and 19 days for propane, «-propyl 
bromide, and isopropyl bromide, respectively. As can be seen, 
the lifetimes derived here arc very short, much shorter than the 
characteristic time of mixing processes in the troposphere and 
hence arc only crude estimates. The correct residence time of 
the compounds in the atmosphere will depend on the geographi- 
cal location and season of the emissions as well as local 
atmospheric conditions. Some results of detailed atmospheric 
modeling can be found in the recent publications.^-^ Neveilhe- 

less, the presented estimations demonstrate that these chemicals 
arc very short-lived ones, give reasonable average values of their 
lifetimes and a useful scaling among such compounds. 
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Table 4. Absorption cross sections of bromopropanes between 164 nm and 270 nm at T = 295 K. 

Wavelength, 

nm 

Absorption cross section, 

10"^°, cm^/molecule 

CHzBrCHzCHj CHsCHBrCHs 

164.0 707 nil 
164.5 953 1146 
165.0 1296 1290 
165.5 1534 1495 
166.0 1432 1773 
166.5 1407 2044 
167.0 1419 2174 
167.5 1733 2246 
168.0 2519 2319 
168.5 3427 . 2634 
169.0 3142 3075 
169.5 2806 3713 
170.0 1917 3681 
170.5 1218 3391 
171.0 894 2746 
171.5 763 1685 
172.0 706 1253 
172.5 764 1103 
173.0 890 1195 
173.5 925 1322 
174.0 863 1574 
174.5 898 1565 
175.0 931 1330 
175.5 980 1181 
176.0 1246 1175 
176.5 1730 1484 
177.0 1903 1829 
177.5 1264 1815 
178.0 927 2459 
178.5 667 1145 
179.0 397 707 
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179.5 219 408 
180.0 108.5 220.2 
180.5 62.5 126.7 
181.0 43.4 76.9 
181.5 34.1 51.2 
182.0 29.9 36.5 
183.0 28.1 22.35 
184.0 29.5 18.24 
185.0 32.4 17.37 
186.0 35.6 17.62 
187.0 39.0 18.43 
188.0 42.7 19.42 
189.0 46.4 20.68 
190.0 49.8 22.06 
191.0 53.3 23.46 
192.0 56.5 24.83 
193.0 59.6 26.35 
194.0 62.5 27.99 
195.0 64.9 29.69 
196.0 67.0 31.3 
197.0 68.8 32.8 
198.0 70.2 34.3 
199.0 71.2 35.9 
200.0 71.8 37.3 
201.0 72.7 38.6 
202.0 72.6 39.9 
203.0 72.0 41.0 
204.0 71.2 42.0 
205.0 70.1 42.8 
206.0 68.8 43.5 
207.0 67.2 43.9 
208.0 65.2 44.2 
209.0 63.2 44.3 
210.0 61.0 44.2 
211.0 58.9 44.0 
212.0 56.5 43.6 
213.0 54.1 43.0 
214.0 51.5 42.2 
215.0 48.9 41.2 
216.0 46.6 40.1 
217.0 44.0 38.8 
218.0 41.4 37.4 
219.0 38.6 35.8 
220.0 35.8 34.1 
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221.0 33.2 32.4 
222.0 30.8 30.7 
223.0 28.4 28.9 
224.0 26.0 27.1 
225.0 23.9 25.3 
226.0 21.8 23.6 
227.0 19.8 21.9 
228.0 17.83 20.2 
229.0 16.05 18.43 
230.0 14.40 16.82 
232.0 11.62 13.97 
234.0 9.11 11.45 
236.0 7.08 9.21 
238.0 5.46 7.30 
240.0 4.10 5.68 
242.0 3.09 4.39 
244.0 2.30 3.35 
246.0 1.72 2.54 
248.0 1.28 1.918 
250.0 0.93 1.444 
252.0 0.688 1.072 
254.0 0.506 0.789 
256.0 0.374 0.577 
258.0 0.277 0.421 
260.0 0.195 0.305 
262.0 0.134 0.222 
264.0 0.096 0.160 
266.0 0.073 0.116. 
268.0 0.048 0.082 
270.0 0.034 0.060 


